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Abstract
This thesis focuses on a new determination of the radiative width, Γrad of the Hoyle state
from the observation of proton-gamma-gamma triple coincidences using the 12C(p, p′)12C
reaction at 10.7 MeV bombarding energy. The angular correlation of the cascading 3.215
MeV and 4.439 MeV γ-rays corresponding to the 0+2 - 2
+
1 - 0
+
1 transitions in
12C was also
measured for the first time, which uniquely confirms a spin and parity of 0+ for the Hoyle
state.
The two γ-rays from the Hoyle state were studied in coincidence with inelastically
scattered protons using the CACTUS and SiRi arrays at the Oslo Cyclotron laboratory.
The CACTUS γ-ray array consists of twenty-six 5′′ by 5′′ NaI detectors covering nearly
15% of the 4π solid angle. The SiRi particle array has 64 ∆E-E telescopes, allowing the
observation of proton-γ coincidences and the determination their time diﬀerences.
In a 12 day long experiment, 5.97×109 events were recorded. Complementary ex-
periments were carried out using the 28Si(p, p′) reaction to calibrate the detector system.
Comprehensive sorting and analysis procedures have been developed in the present thesis.
The knowledge of the radiative width of the Hoyle state is fundamentally important to
evaluate the triple–alpha reaction rate, responsible for carbon production in the universe.
Our experimental approach was very similar to the work of Obst and Braithwaite [1],
the only previous credible experiment based on cascading gamma–ray measurements,
carried out in 1976. However the detector system and analysis procedure used here
permitted the examination of the extremely rare triple coincidence events in greater detail.
The main result of the thesis is the identification of 529(29) triple-coincidence events,
which were used to determine the ratio of radiative width to the total width of the Hoyle
state as Γrad/Γ=4.07(22)×10−4. Our results are in good agreement with the previously
adopted Γrad/Γ value based on several experiments carried out between 1961 and 1976
and using diﬀerent methods. Using the present value of Γrad/Γ and the adopted values
of Γ/Γπ(E0) and Γπ(E0), the radiative width of the Hoyle state was determined as Γrad
=3.8(4) ×10−3 eV. Additionally the γ − γ(θ) angular correlation of the 3.215 MeV and
4.439 MeV cascade has been also measured at nineteen separation angles, identifying a
0+ spin and parity for the Hoyle sate in 12C in the first time.
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Chapter 1
Introduction
Carbon is the main building block for life on Earth, but where does carbon come from?
This will be explained in this chapter, including the formation of 12C in the universe via
the triple-alpha reaction, the formation of the Hoyle state, and how it decays to form the
stable ground state in 12C.
1.1 The formation of 12C in the universe via the triple-alpha
process
Carbon is the fourth most abundant element in the universe, after hydrogen, helium
and oxygen, and the 15th most abundant element in the Earth’s crust. The process that
leads to the production of 12C was discovered more than 60 years ago. The formation
of 12C requires collisions of alpha particles inside red giant stars. This is known as the
triple-alpha process, and is described as the first point towards proving that the elements
were formed inside giant stars [2].
During the first three minutes following the big bang, essentially no elements heavier
than 4He and a small amount of 7Li were formed. Stars formed 300 Million years after
the big bang. Beginning as collapsing clouds of mainly hydrogen gas, they eventually
reached a point where the gravitational collapse caused the formation of a suﬃciently hot
and dense plasma in which nuclear reactions commenced. The cores of the stars were
transformed mainly to helium by the burning of hydrogen. It was at that point that the
potential for synthesizing heavier elements excited.
Nuclear fusion reactions between 4He and 1H or another 4He nucleus create 5Li and 8Be,
which are highly unstable nuclei with short half-lives of 5.4 × 10−22 s and 5 × 10−17
s, respectively [3]. The instability of nuclei with A =5 and 8 blocks the formation of
heavier elements. Bethe pointed out in 1939 that the formation of carbon via the triple-
alpha process requires a temperature higher than that found in the cores of typical stars [2].
Salpeter [4] pointed out that the energy released in the triple-alpha process plays a
key role in stellar evolution, a realisation that raised questions about the mechanism of
the formation of 12C in the absence of stable elements with mass numbers of 5 and 8.
Salpeter [5] and O¨pik [6] oﬀered an answer to this puzzle when they proposed that the
synthesis of 12C goes through a two-stage process starting with two 4He nuclei. These
two steps can be written as follows [7]:
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4He + 4He(95 keV )↔ 8Be + γ (8Beg.s − resonance) (1.1)
4He + 8Be→ 12C+ γ (1.2)
The first step depends on the properties of the ground state of 8Be, which has to be
resonant just above the 4He-4He threshold. However, Hoyle realised that this enhance-
ment was not suﬃcient to explain the observed abundance of 12C, because the reaction
destroying 12C was much faster than the reaction that forms it. One of the limitations of
Salpeter’s explanation is that helium burning in red giants should start at temperatures
around 2 × 108 K [8].
To resolve this problem, Hoyle, in his impressive prediction, concluded that there must
be a resonant state very near 7.68 MeV in 12C [9]. The existence of this resonant state
could accelerate the rate of the triple-alpha process and thus increase the capture process
by a factor of around 10-100 million [10]. Therefore, by this mechanism, the triple-alpha
process bridges the gap between the nuclear masses 4 (He) and 12 (C) [11]. The reaction
rate determines the absolute abundance of 12C created in the stellar environment and
the relative abundance of 12C and 16O. This prediction is described as one of the early
triumphs of nuclear astrophysics [12].
Here, we review the logic behind Hoyle’s prediction. Helium nuclei fuse into heavier
elements when the temperature is high enough (around 108 K), and when the helium
density is on the order of 105 g/cm3 [4, 5]. Two helium nuclei fuse to form a short-lived
8Be nucleus with a half-life of 5×10−17s. 12C is created when 8Be nuclei capture a third
alpha particle in a resonance reaction. This resonant state must lie at 375 keV above
the rest energy of three alpha particles [13]. In other words, a Jπ = 0+ excited state
in 12C must exist at an energy close to the α + 8Be threshold (7.68 MeV) to serve as
resonance [14]; its lifetime must be controlled by its distance from the particle-emission
threshold. Therefore, the triple-alpha process depends strongly on the temperature and
density of the stellar environment.
The formation of 12C via the three-alpha process is illustrated in Fig 1.1. The triple-alpha
reaction is completed when the unstable Hoyle state, with a short half-life of around
2.4× 10−16 s, decays electromagnetically to the first excited 2+ state, then to the ground
0+ state (as will be described later in this chapter). If another alpha particle fuses with
12C through the 12C(α, γ)16O reaction, 16O is created.
Burdige, Burdige, Fowler and Hoyle did the first calculation of the triple-alpha rate in
1957 [15], using the following formula:
r3α =
Γrad
T 3
exp(−Er/kBT ), (1.3)
where Γrad is the radiative width of the state, Er is the resonance energy, kB is the
Boltzmann constant and T is the temperature.
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Figure 1.1: Triple-alpha process and the formation of the Hoyle state in 12C.
Several modifications, taking into account the low-energy tails of the resonances (the
8Be ground state and Hoyle state), were made to this equation by Nomoto et al. [16]
and Langanke [17]. In 1988, Rolfs and Rodney [18] derived the following formula to
determine the rate of the triple-alpha process
r3α =
N3α
2
33/2
(
2πh¯2
MαkT
)3 (ωγ
h¯
)
exp
(
− Q
kBT
)
, (1.4)
where Nα is the number density of the interacting 4He nuclei, Mα is the atomic mass of
the 4He, T is the temperature, kB is the Boltzmann constant, Q is the energy released
when the Hoyle state decays via α emission, ωγ = ΓαΓrad/Γ ≈ Γrad, and Γ= Γα +Γrad,
while Γα is the decay width for α decay and Γrad is the sum of the electromagnetic decay
widths from the Hoyle state.
The fact that in helium burning stars, kBT ≈ 10 keV along with the reliance of r3α on
the excitation energy (Ex) means that the Ex must be known in order to determine the
3α rate [19]:
Q3α = (M12C∗∗ − 3Mα)c2, (1.5)
where M12C is the atomic mass excess of
12C and c is the speed of light.
Since Γrad ≪ Γα ≈ Γ, the rate of the triple-alpha reaction can be written as a very simple
formula:
r3α ∝ Γrad exp(−Q3α/kBT ). (1.6)
The triple-alpha process is governed by the properties of the Hoyle state in 12C. The
uncertainty in the rate of the reaction comes mainly from the uncertainty in Γrad. The
triple-alpha process is considered to play a major role in energy generation and element
synthesis in red giant stars [14]. This is one of the most important reactions in the field
of nuclear astrophysics, and the uncertainty of this rate about ± 12% at present, mainly
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from Γrad, limits our understanding of the production of 12C in the universe, and hence
the formation of heavier elements.
In order to address such a significant issue, many experimental studies have been carried
out and some are still being implemented [20]. They can be classified into two groups.
The first group focusses on the reduction of the uncertainty from 12% to 5% for stellar
temperatures in the range T9= 0.1 to T9 = 109 K. This group concentrates on studies
of the 3α rate from diﬀerent aspects: how the asymptotic giant branch (AGB) stars
are dredged-up by the helium-flash [21] and what the eﬀects on iron-core size before
core-collapse supernovae [22, 23, 24]. The second group focusses on the 3α rate for the
temperature range dominated by the resonant reaction. Two challenging measurements
of the pair branch Γπ/Γ are underway. The first attempt was reported in 2008 [25] and
a study of the radiative width Γrad through a measurement of the pair-decay branching
ratio between the E0 and E2 states in 12C is in progress [26].
The rate of the triple-alpha process is one of the longest standing problems of nuclear
astrophysics. The historical evolution of our understanding of the carbon production
process has been described by Kragh, Fowler and Salpeter [27, 28, 29].
1.2 The importance of the triple-alpha process
The triple-alpha reaction that leads to the creation of 12C in the universe has significant
applications in the field of nuclear physics and astrophysics, particularly, in the study of
nucleosynthesis.
This stage of helium burning, in which the triple-alpha reaction is key, also aﬀects
subsequent stellar evolution [30]. For example, the final stage of helium burning is very
important in determining the abundance of elements with A < 60.
To be more specific, the rate of the triple-alpha reaction provides a significant key
for solving diﬀerent problems in nuclear astrophysics. For instance, it plays a role in
determining the abundance of elements in the cosmos [31], the size of the iron core in
massive stars, which in turn determines the properties of supernova explosions [32, 23],
the dynamics of AGB stars [21], the main slow neutron capture process of heavy element
production [33] and the weak s-process in massive stars [34]. In addition, it is important
for the latter stages of stellar evolution, and for understanding many mechanisms in
astrophysics beyond the formation of elements and energy generation inside massive stars.
Because of the importance of the 7.65 MeV state in 12C for stellar evolution, many
measurements have been carried out to verify the radiative width of this state using the
12C(p, p′)12C reaction [35]. Despite attempts made over the past 60 years, Γrad is known
only with an uncertainty of 12% [35, 31]. However, for applications in astrophysics, a 5%
uncertainty is required. The current uncertainty of 12% is considered as an obstacle to
obtaining more accurate stellar models.
Since 12C(α, γ)16O and the triple-alpha reactions are responsible for the generation of
energy in an important class of stars and for the carbon to oxygen ratio during the
helium burning cycle, several attempts have been made to determine the 12C(α, γ)16O
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reaction over the last 40 years. Despite the improvement in the experimental procedure,
the uncertainty is in the range of 25% to 35% [14]. This high uncertainty has a significant
impact on the evaluation of Type II (SNII) supernova.
Tur [23] has examined the eﬀect varying the triple-alpha and the 12C(α, γ)16O reaction
rates on SNII nucleosynthesis and other stellar characteristics. The study found that
changes in the rate of the triple-alpha and 12C(α, γ)16O reactions within the current
experimental range of uncertainties yielded significant alterations to the mass of the
supernova remnant. Tur’s results also pointed out the importance of the dissimilarity in
the rates of the two reactions, which independently have importance. Similar calculations
were carried out by Anders and Grevesse [36] and Lodders [37].
The eﬀect of the changes in the reaction rate on 12C production was studied by Arnett
in 1972 [38]. Combining his results with results obtained by Dyer in 1974 [39] for the
12C(α, γ)16O reaction rate, he concluded that for stars with masses less than about fifteen
times the solar mass, 12C is the dominant product of helium burning.
Precise measurements of the rates of these two reactions are needed to improve
models of stellar evolution [23]. The astrophysical importance of these rates has been
discussed in detail in several studies [9, 15, 40], covering the research undertaken for more
than 50 years.
1.3 The Hoyle state
In 1953, Fred Hoyle suggested that 12C must have an excited state with roughly the same
energy as 8Be and 4He combined in order to produce the right amount of carbon in the
universe [9].
The subsequent observation of this state, known as the Hoyle state, is often cited as
the beginning of experimental nuclear astrophysics. This resonant state has to lie close
enough to the Gamow window, the Gamow window being the energy range in the stellar
environment for which the cross section needs to be experimentally or theoretically
known, in order to account for the absolute abundance of 12C and the relative abundance
of 12C and 16O.
The Hoyle state was soon verified by Noel Dunbar [41] at the Kellogg Laboratory at
Caltech in 1953. (This experiment has been described as the most important experiment
ever performed by an Australian physicist [42]). The 7.68 MeV state was observed by the
Caltech group using a high resolution spectrometer and the 14N (d,α) 12C reaction.
Subsequent measurements give the energy of the state as 7.653±0.008 MeV and show
that Q (12C∗ - 4Be - 3 4He)= 278(4) keV and Q (12C∗ - 3 4He)= 372(4) keV, and indicate
that the probable spin-parity is Jπ = 0+ [43]. In fact, in 1940 from a measurement of the
14N(d, α)12C reaction Holloway [44] has pointed out the existence of a state at 7.65 MeV
in 12C. However, subsequent measurements failed to prove its existence [45].
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In 1959, the first observation of the 7.65 MeV E0 transition was made by Alburger, using
a magnetic pair spectrometer and the 9Be(α,n)12C reaction [46].
The structure of the Hoyle state remains a matter of debate; physicists have been trying
to understand the nature of this state, which could not be predicted by standard nuclear
models [47, 48]. The importance of the Hoyle state thus depends on its characteristics as
well as its role in the synthesis of carbon and hence the heavier elements. Experiments
have proved the existence of the Hoyle state, but they have also proved that it has a very
complex structure [49]. Moreover, there are many unanswered questions regarding the
configuration of this state.
Several theoretical models have been developed to try to understand the structure of the
Hoyle state. Theoretical and experimental studies on the Hoyle state will be discussed in
the next chapter.
1.4 Electromagnetic transitions
Excited states can decay to lower states in the same nucleus via electromagnetic (EM)
processes, classified into three main types which compete: gamma-ray emission, internal
conversion (IC) and pair conversion (PC), as illustrated in Fig 1.2.
Nuclear transitions are categorised based on the change in the angular momentum and
the parity between the initial and final states. The probability of the three competing
electromagnetic processes depends on Z, ML (Multipolarity) and the electron shell for
IC. In the case of an electric quadrupole transition (E2), there are changes of up to two
units of angular momentum and no change in parity for the nuclear states, whereas in
the case of electric monopole transitions (E0), there are no changes in either.
Indeed, the dominant way to study nuclear structure is through gamma-ray emissions.
However, when two states both have a spin of I=0, a single gamma transition is forbidden
by the law of conservation of angular momentum [50].
A transition between the 0+ and 2+ states can take place via an E2 transition. Transitions
between other states can proceed as a mixture of multipolarities. For instance, between
3− and 2+ states, the multipole transition could be E1, M2, E3, M4 and E5. Between
two 2+ states, E0, M1, E2, M3 and E4 are possible, in principle, although the lower
multipolarities dominate.
An E0 transition can be observed between two states with the same spin and parity.
This kind of transition usually takes place between two 0+ states. In other cases the E0
transition is usually very weak, since it is typically in competition with an E2 transition.
The E0 transition strength depends on the nuclear radius, changes in its RMS value, and
radial density oscillations [51]. Particular methods, such as electron and pair conversion
with high sensitivity, are needed to observe the low intensities of the electric monopole
transitions.
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Figure 1.2: The electromagnetic decay of an excited nuclear state.
A low-energy (<1.022 MeV = 2 m◦c2, m◦ = electron mass) E0 transition can only take
place via internal conversion(IC) [52]. In IC, the energy required to transition from one
nuclear state to another is transferred to an atomic electron.
In IC, the nuclear wave function overlaps with the electron wave function, which leads to
the transfer of energy without a mediating photon [53]. The atomic electron carries away
the diﬀerence in energy between the initial and the final nuclear states:
Ej = Eγ −Bi, i = K,L,M, ......... (1.7)
where Bi is the binding energy of the electron shell i.
In each electromagnetic transition there is competition between the gamma-ray and IC
processes. The strength of the IC process is related to Eγ multipole order L, atomic
number, electron shell and nuclear structure.
A high-energy (>1.022 MeV) transition can proceed via the emission of an electron-
positron pair. The pair is created very near to the nucleus, which can be verified based on
the observed angular correlation of the electron and positron [54]. This process is similar
to that considered responsible for the radiation from a black hole, known as Hawking
radiation.
1.5 Motivation for this study
The electromagnetic decay of the Hoyle state carries only 0.04% of its total decay intensity;
99.96% of the decay is back to the 3α channel. Using the 12C(p, p′)12C reaction at 10.7
MeV proton energy, the Hoyle state can be observed as a triple coincidence event between
an outgoing proton (∼ 1.5 MeV), a 3.215 MeV photon and a 4.439 MeV photon. The
Γrad/Γ ratio can be determined from the ratio of the pγγ coincidence events to the singles
proton events.
* In order to improve the accuracy of Γrad/Γ, an independent measurement of the rate of
decay of the Hoyle state will be obtained by performing a γ-ray measurement. This
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measurement aims to check and improve upon the accuracy of this ratio.
* Improved Γrad/Γ precision is important, having implications in the fields of astrophysics
and nuclear structure.
In this thesis, the goal is to reproduce and improve upon the 1976 experiment of Obst
and Braithwaite [1]. The verification of such a fundamental measurement is central to
our understanding of the physical world. To achieve this, the CACTUS (Gamma-ray
detector array) and SiRi (Segmented particle detector array) system at the Oslo Cyclotron
Laboratory (OCL, Norway) have been used. The setup provides a combination of 26 NaI
detectors and 64 particle detectors. The obtained data will be compared to that obtained
using 4 NaI detectors and 4 silicon surface barrier detectors used by Obst and Braitwaite.
In this chapter, an introductory overview of the original formation of elements heavier
than helium in the stellar environment by the triple-alpha process was given. Previous
theoretical approaches and experimental studies of the properties of the Hoyle state are
presented in chapter 2. Two (cascading) gamma-ray and pair conversion measurements
that relate to the recent study are covered in chapter 3. The experimental method and
the detection system used in this work are described in chapter 4. A detailed comparison
of the present measurements and the similar 1976 measurement are also discussed. The
data analysis and the results of the radiative width of the Hoyle state obtained from the
present γ-ray measurement are discussed in chapter 5. Detailed formula for the extraction
of the Γrad/Γ from our data is presented in section 5.7. The first experimental attempt
to examine the γγ angular correlation for the 0+ → 2+ → 0+ cascade in 28Si and 12C is
presented in chapter 6. This is followed by a summary and concluding remarks.
Chapter 2
The Hoyle state in 12C
Chapter 2 is divided into three main sections. The first one is a short presentation of the
decay paths of the Hoyle state in 12C. The second is a brief overview of the experimental
studies on the observed properties of the Hoyle state. The final section gives an overview
on some experiments and the theoretical approaches and models that have been developed
in trying to understand the structure of the Hoyle state.
2.1 The decay of the Hoyle state
The decay path of the Hoyle state is shown in Fig 2.1. The formation of the Hoyle state
leads to stable carbon nuclei only a tiny fraction of the time; only one out of 2500 times
does it decay to the stable ground state of 12C. In particular, the Hoyle state decays via
an internal transition 0.04% of the time, and decays via α-emission back to 8Be 99.96%
of the time.
The detection and isolation of the relevant γ-rays with high eﬃciency is essential
for studying the decay of the Hoyle state leading to 12C production.
Gamma-ray emission is forbidden for transitions between two 0+ states. This direct
pathway (E0, electric monopole transition) can proceed via internal conversion and/or
pair production. An alternative (and dominant) decay path to the ground state is through
the 3.215 MeV and 4.439 MeV cascade gamma-ray transitions. The 3.215 MeV decay
Figure 2.1: The decay of the Hoyle state to the ground state.
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Table 2.1: Adopted experimental values
Quantity Value relative uncertainty(%)
Γrad/Γ 4.13(11) ×10−4 2.7
ΓE0π /Γ 6.7(6) ×10−6 9.2
ΓE0π 6.2(2) ×10−5 eV 2.7
Γrad 3.88(35) ×10−3 eV 12.9
transition (E2, electric quadruple transition) to the first excited 2+ state proceeds with
photon emission 99.9% of the time; the remainder occurs through pair conversion and
internal conversion.
Because the process is so unlikely, observation is diﬃcult. Moreover, theoretical nuclear
models have struggled to predict the decay rate with accuracy. The total 3α rate, Equation
1.6, depends directly on the radiative width of the Hoyle state, Γrad, which is the sum of
the width for γ emission (Γγ), internal conversion (ΓCE), and pair production (Γπ); that
is:
Γrad = Γ
E2
γ + Γ
E0
π + Γ
E2
π + Γ
E0
CE + Γ
E2
CE . (2.1)
The order in which these contributions are listed reflects their relative magnitudes:
photons 98.5%, pair conversion (E0 pairs 1.5% and the E2 pairs 0.09%) and electron
conversion <0.01%. The contribution of conversion-electron emission can be ignored
because of its small magnitude.
The radiative width of the Hoyle state cannot be determined directly. It is usually de-
termined as a product of three independently measured quantities using the so-called
”traditional method” [32]:
Γrad =
[
Γrad
Γ
]
×
[
Γ
ΓE0π
]
× [ΓE0π ], (2.2)
where Γ is the total width of the Hoyle state and ΓE0π is the absolute E0 transition rate.
The current uncertainties on the three terms are 2.7%, 9.2% and 2.7%, respectively.
Γrad/Γ and ΓE0π /Γ signify the ratio of the radiative and E0 pair conversion widths to the
total width. ΓE0π is the only absolutely known quantity [47].
The current adopted values for the inputs for Equation 2.2 are listed in Table 2.1. Details
on the previous measurements of these values are discussed in the next section.
The main aim of the study in this thesis is to improve the accuracy of the first term, Γrad/Γ.
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2.2 Previous experimental measurements on the properties
of the Hoyle state
To determine the triple-alpha reaction rate, the energy and radiative width of the Hoyle-
state are required. The energy of the Hoyle state was determined by the measurement by
Nolen and Austin [19]. The radiative width of the Hoyle state is obtained from measure-
ments of three quantities, Γrad/Γ, ΓE0π /Γ and Γ
E0
π , as shown in Eq. 2.2. In this section,
a review of the previous experimental investigations of the observable properties of the
Hoyle state will be presented, with a focus on studies of the quantities provided as inputs
to Eq. 2.2. The energy released in the triple-alpha breakup of the Hoyle state will also be
discussed.
The adopted values were obtained from a statistical analysis of the data using the program
Avetools. The code uses 5 statistical methods. We have adopted the so called Limitation
of Relative Statistical Weight method [83]. This method will adjust the uncertainty of a
data point if its statistical weight is more than 50%. Appendix E shows a sample output.
2.2.1 The ratio of the radiative width to the total width [Γrad/Γ]
Eight attempts have been made to determine Γrad/Γ from diﬀerent measurements [1],
[55], [58], [13] and [60]-[63].
The associated particle technique and the proton-gamma-gamma coincidence technique
were the basic techniques applied in these measurements. Two of the previous experiments
[1, 55] used proton-gamma-gamma (pγγ) coincidences after inelastic scattering, while the
rest used the associated-particle technique with diﬀerent reactions. An upper limit of
0.1% on the gamma-ray decay was placed by Kavanagh [56] and Eccles [57]. The result of
this study was encouraging. However, the partial branching ratio of the 7.65-MeV state
by the emission of the 3.23-MeV γ-ray was stronger than the theoretical estimation by a
factor of 50 [55].
The previous measurements are listed and described briefly as follows:
* Proton-gamma-gamma coincidences detected by a thick CsI scintillator for proton
detection and 5” by 5” NaI crystals for γ-ray detection were recorded using the
10B(3He,p)12C reaction at 2.2-MeV energy by Alburger in 1961 [55]. A 2.2-MeV
3He++ beam was used on a 80-µg/cm2 thick layer of 10B (> 99% enhancement) de-
posited on 0.5-mil thick aluminium foil. This study provided the first experimental
value on Γrad/Γ.
* Recoiling 12C ions from the second excited state in 12C in coincidence with α-particles
were detected by a magnetic spectrometer and a surface-barrier detector using the
14N(d,α)12C reaction by Seeger and Kavanagh in 1963 [58, 59]. This result is ex-
cluded when the adopted value is evaluated because it is considered to be an outlier.
The result is 212 times the value used in astrophysical calculations of the triple-alpha
reaction rate by Salpter [5] and Bridge et al. [15].
* Recoiling 12C ions and proton coincidences resulting from a 10B(3He,p)12C reaction
were detected by a semiconductor counter at the focus of a magnetic spectrometer
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and a 5 mm thick NaI crystal, by Hall and Tanner in 1964 [13]. A 5-MeV 3He beam
was used on a 30 µg/cm2 layer of boron mounted on a 10-µg/cm2 carbon backing.
The branching ratio of the 7.65-MeV state to the ground state was deduced after
applying various correction factors to be 3.5 (12)× 10−4, and was in agreement with
earlier measurements.
* Inelastic α particles and associated 12C coincidences resulting from the 12C(α,α′)12C re-
action were detected by fully depleted surface-barrier solid-state detectors, by Cham-
berlin et al. in 1974 [60]. A 24-MeV α-particle beam was used on self-supporting
carbon foils with a thickness of 50 and 100-µg/cm2. The branching ratio Γrad/Γ was
determined under diﬀerent experimental conditions: diﬀerent angles of α detectors
(65◦, 95◦, 37.6◦ and 25◦), distances of 12C detectors from the target of 15.2 to 50.8
cm in 5.1 cm steps, and two diameters of the 12C detector aperture of 0.95 and 1.90
cm. The branching ratio for the electromagnetic transition was obtained from:
Γrad/Γ =
nc
ϵNs
, (2.3)
where ϵ is the geometric eﬃciency for the 12C detection, Ns is the number of α-
particles inelastically scattered from the 7.65-MeV level and nc is the number of
coincidence events. The result was in agreement with other experiments and was
deduced after some corrections and background subtraction. The average value of
the Γrad/Γ = 4.20(20)× 10−4 was extracted from the average value of eight mea-
surements in this study using diﬀerent experimental conditions, and the derived Γrad
was 3.9 (12)× 10−3 eV.
* Coincidences between recoiling 12C ions and inelastic protons resulting from the
12C(p, p′)12C reaction were detected by a 150-µm fully depleted surface-barrier detec-
tor and a 90-µm fully depleted surface-barrier detector, by Davids et al. in 1975 [61].
A 10.5-MeV proton beam was used on a 15 µg/cm2 self-supporting carbon target.
The result was obtained from seven runs using two recoil detector angles, θ= 24◦
and 23◦, and two distances from the target, 17.0 and 19.2 cm.
The result was also in good agreement with other measurements, and the derived
radiative width of Γrad = 3.99(13)× 10−3 eV was obtained.
* Recoiling 12C ions and α particle coincidences resulting from the 13C(3He,α)12C reaction
were detected by a 100-µm thick silicon surface-barrier detector, by Mak et al. in
1975 [62]. A 4-MeV 3He beam was used on a 15 µg/cm2 13C foil. The coincidences
were obtained with respect to the energy, time-of-flight and kinematic constraints.
The results were collected under two diﬀerent angles of the α detectors (θα= 85.3◦and
100.6◦) and two 12C detector angles (θC=62.7◦ and 50.6◦).
Monte Carlo calculations were used to estimate the geometrical eﬃciency for the
detection of 12C-α coincidences. The result of Γrad/Γ = 4.15 (34) × 10−4 agreed
with values obtained by Chamberlin et al. [60] (Γrad/Γ = 4.20 (22) × 10−4) and by
Davids et al. [61] (Γrad/Γ = 4.30 (20) × 10−4), and the weighted average of these
three measurements was used to determine the rate of the triple-alpha process.
* Recoiling 12C ions and α-particle coincidences resulting from the 12C(α,α′)12C reaction
were detected by ∆E-E counter telescopes, by Markham et al. in 1976 [63]. A
40.2-MeV α-particle beam was used on a 100-µg/cm2 thick carbon target. The
α detector was set at θ= 53.4◦ in the laboratory frame and at a distance of 20
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cm from the target. The 12C detector was set at θ= 48.3◦ for the 7.65-MeV state
and θ=51.5◦ for the 4.439-MeV state, at a distance of 15 cm from the target in
both instances. Boundaries, for the events corresponding to the 7.65 MeV state,
were established in the ∆E-E detector and in the TAC output. Two-dimensional
spectra were generated just for events subject to these boundary conditions. The
two-dimensional spectra from the 7.65-MeV state were used to determine the
coincidence eﬃciency by measuring Γrad/Γ for the 4.439-MeV state. A value of 3.61
(11)× 10−3 eV was derived for Γrad for the Hoyle state.
* Proton-gamma-gamma coincidences were recorded using the 12C(p, p′)12C reaction by
Obst and Braithwaite [1] in 1976. A beam of 10.48-MeV protons with an intensity of
5 nA scattered at 150◦ in the lab. Four large 5” by 5” NaI detectors in combination
with four surface barrier detectors were used. The γ-ray detectors, located at 10 cm
from the target, were shielded by lead in order to reduce the cross talk between the
detectors. The particle detectors were kept at dry ice temperature and covered by
aluminized Mylar of thickness of 4 × 10−4 cm, and located 2.5 cm from the target.
They used a 200-µg/cm2 12C target, with a thin SiO2 layer and a self supporting
SiO2 target. The second target was used as a calibration reaction to normalise the
triple-coincidence rate to the singles proton rate. The data presented by Obst and
Braithwaite were collected over 12 days beam time. An essential element of this
pγγ coincidence measurement was the subtraction of random coincidence events
under various timing conditions.
It should be noted that the only published spectrum showing the 3.215-MeV
gamma-rays de-exciting the Hoyle state is in this work; the two cascading gamma-
rays 3.215-MeV and 4.439-MeV from the decay of the Hoyle state are shown in
Fig 2.2. However, the Obst and Braithwaite paper would have been much more
useful if they had included the counts scale in their figures. The weighted average
of Γrad/Γ from all seven previous measurements is given as 3.98(22) × 10−4. Obst
and Braithwaite then give the radiative width of Γrad as the derived value of 3.7(11)
× 10−3 eV using the weighted average value.
To sum up, the branching ratio Γrad/Γ has been a subject of significant interest
for several experimental studies. The adopted value of Γrad/Γ in Table 2.1 was ob-
tained from the experimental values highlighted in Table 2.2, with the measurement
of Seeger and Kavanagh [58] excluded. A summary of these studies is also shown in Fig 2.4.
A recent study by Alcorta [64] aimed to measure the β-decay branching ratio of 12B to the
Hoyle state in 12C. They used the Gammasphere array of 101 high-purity Ge detectors.
The 12B activity was produced using the 11B(d,p)12B reaction by a 2.5 pnA 11B beam at
40 MeV incident onto a thick TiD2 target. The γ-ray spectrum gated by the 4.439-MeV
transition is shown in Fig 2.3. This study did not determine the radiative width of the
Hoyle state, although the 3.215 MeV γ-ray was observed.
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Figure 2.2: Gamma-ray energy spectra gated by proton groups and sum-energy regions from
Obst and Braitwaite [1].
Figure 2.3: The coincidence spectrum gated on the 4.439-MeV peak following 12B β decay shows
a peak at 3.215 MeV [64].
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Table 2.2: Adopted experimental values of Γrad/Γ
Reference Γrad/Γ (×10−4)
Alburger (1961) [55] 3.3(9)
Seeger and Kavanagh (1963) [58] 2.82(29)
Hall and Tanner (1964) [13] 3.5(12)
Chamberlin et al. (1974) [60] 4.20(20)
Davids et al. (1975) [61] 4.30(20)
Mak et al. (1975) [62] 4.15(34)
Markham et al.(1976) [63] 3.87(25)
Obst and Braithwaite (1976) [1] 4.09(29)
Adopted value 4.13(11)
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Figure 2.4: Summary of the eight previous measurements of Γrad/Γ × 10−4. The black and red
lines indicate the adopted value and the uncertainty, respectively.
16 The Hoyle state in 12C
2.2.2 The ratio of the pair conversion width to the total width [ΓE0π /Γ]
The internal pair decay of the second excited state in 12C (the Hoyle state) has been
observed by several groups, as summarized in the following list:
• The early study of Alburger in 1959 [65] was one of first studies aimed to observe
the E0 decay in 12C and provide a proof that this state has a spin-parity of 0+.
A second study by Alburger in 1960 [46] was made to observe the 7.65-MeV nuclear
pair transition using the 9Be(α,n)12C reaction. A beam of 5.81-MeV alpha particles
was incident on a thick Be foil target. This study was the first observation of
the 7.65-MeV E0 transition using a magnetic pair spectrometer. The ratio of the
7.65-MeV to the 4.439-MeV (pairs) was 5(15) × 10−4. The ratio of the pair width to
the total width was 8.2 × 10−7 × R, where R is the ratio of the neutron population
to the two levels in the 9Be(α,n)12C reaction. R was estimated to be around 8 at
0◦. This value derived from the only available results - an experiment by Guier,
Bertini and Roberts in 1952 [66].
• A subsequent study of the relative cross sections and angular distributions of the
outgoing neutrons, using the same reaction 9Be(α,n)12C, was done by Ajzenberg
and Stelson in 1960 [12]. 5.81-MeV alpha particles were incident on two diﬀerent
targets. The measured diﬀerential cross section was 75(25) mb/sr, while the total
cross section for the production of the 4.439 MeV state was ≈ 560 mb, in agreement
with other measurements. They determined that the ratio of the population of the
4.439-MeV and 7.65-MeV states is 8.1(10). Combining this ratio with Alburger’s
data [46] gave ΓE0π /Γ=6.6(22) × 10−6.
• A study by Obst et al. [67] in 1972 aimed to measure the cross sections of the groups
that populate the higher-excited states in 12C, and measure the absolute cross sec-
tions of the neutron groups populating 12C. In this study an alpha beam was incident
on a thin evaporated target of beryllium, which initiated the 9Be(α,n)12C reaction.
The time-of-flight technique was used. The angular distributions of the neutron
groups corresponding to the ground state and the three excited-states were mea-
sured at diﬀerent beam energies of 3.21-MeV, 6.24-MeV and 6.44-MeV. For 10 beam
energies between 4.86-MeV to 6.44-MeV, the double-diﬀerential cross sections for
the continuum of low-energy neutrons was measured.
This group also combined their results with Alburger’s results [46]. They also con-
firmed the 0+ spin-parity of the 7.65-MeV state in 12C.
• The 12C(p, p′)12C reaction was used in a second pair spectroscopy study by Alburger
in 1977 [68]. A beam of 10.5 MeV protons was incident on a 3.5-mg/cm2 thick carbon
target. Two semicircular scintillator detectors were used to detect electron-positron
pairs. Two independent measurements were carried out in order to determine the
relative population of the 7.65-MeV and the 4.439-MeV states. In order to correct
the spectrometer eﬃciency due to nuclear alignment, the angular distribution of
the 4.439-MeV γ-ray from the first-excited state of 12C was measured. This study
yielded a more accurate value of the pair decay of the 7.65-MeV state in 12C, in
good agreement with previous measurements.
• A new measurement was made by Robertson et al. in 1977 [69]. The pair
decay of the 7.65-MeV state of 12C was observed by scintillator detectors using the
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12C(p, p′)12C reaction and coincidences with inelastic protons. A beam of 10.65-MeV
protons was used on self-supporting foils of 99.99% enriched 12C. The total radiative
width, Γrad, was determined using their result, in combination with previous exper-
imental results for decay width ΓE0π and the ratio of the radiative width Γrad/Γ.
This study was in agreement with Alburger’s measurement, and together these
measurements reduced the uncertainty in the triple-alpha rate by about a factor of 2.
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Figure 2.5: Summary of the previous measurements of ΓE0π / Γ ×10−6. The black and red lines
indicate the adopted value and the uncertainty, respectively.
Table 2.3: Pair decay branching ratio
Reference ΓE0π /Γ (×10−6)
Ajzenberg (1960) [12] 6.6(22)
Obst et al. (1972) [67] 6.9(30)
Alburger (1977) [68] 7.1(8)
Robertson et al. (1977) [69] 6.0(11)
Adopted value 6.7(6)
Previous measurements obtained by Alburger [46, 68] using magnetic spectroscopy failed
to observe the pair conversion associated with the 3.215-MeV E2 transition. Another
attempt reported recently by Austin [32, 70] used bare scintillator detectors combined
with the detection of scattered protons. No result has been reported yet.
Table 2.3 and Fig 2.5 give the available data on the pair decay branching ratio.
2.2.3 The absolute E0 decay width [ΓE0π ]
The only absolutely known quantity that can be used to determine the radiative width of
the Hoyle state is the pair decay width ΓE0π . The current available measurements of the
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pair decay width are as follows:
• In 1956 Fregeau [71] studied elastic and inelastic electron scattering on a 12C target.
A beam of 187 MeV electrons was used on a thin target with a double magnet
deflecting system. The elastic and the inelastic scattering were separated to resolve
the inelastic groups corresponding to the 4.439-MeV, 7.65-MeV and 9.61-MeV levels.
The scattering from carbon was compared to the scattering from hydrogen to obtain
the absolute values. The diﬀerential cross sections at angles of 35◦ to 138◦ were
reported. As noted, the scattering from carbon was compared to the scattering from
hydrogen and computing the proton cross section in order to obtain absolute values.
For simplicity the Born approximation was used to analyse the data.
• In a study by Crannell and Griﬀy in 1964 [72], a beam of 250-MeV electrons was
used on a carbon target with thickness of 0.475 g/cm2. They used the extrapolation
method to determine the electron scattering cross section for angles from 40◦ to 90◦,
in order to obtain the transition width for the 4.439-MeV, 7.65-MeV and 9.64-MeV
excited states in 12C. This method was also used to determine the multipolarity of
the transitions.
• The extrapolation technique was used by Gudden and Strehl in 1965 [73]. The
cross section of the second excited state in 12C was measured using the Darmstadt
electron linear accelerator. The cross sections were measured for momentum
transfers between 0.25 and 0.55 fm−1. Extrapolation of the measured cross sections
to vanishing momentum transfer were used to determine the partial width of the
decay to the ground state.
The authors examined the sensitivity of the reduced transition probability on mo-
mentum transfer and compared it to model predictions.
• In a second study by Crannell’s group in 1967 [74], the transition widths of the first
three excited states in 12C were determined using beams of 100-MeV to 200-MeV
electrons incident on a carbon target. In this study, the results were obtained at
lower values of momentum transferred to the nucleus, and showed good agreement
with previous studies by Fregeau [71] and Rasmussen [75]. New data on the third
excited state of 12C, (E∗= 9.4-MeV), were reported; the observed cross section was
small, but with a large error. Although the absolute accuracy was not better than
that obtained in their previous work [72], the study concluded that the method was
appropriate to determine transition widths in low-Z nuclei.
• In 1968 Strehl and Schuncan [76] studied the monopole transitions from the ground
state to 0+ excited states in some light even-even nuclei, including 12C (7.65 MeV),
24Mg (6.44 MeV), 24Si (4.98 MeV), 32S (3.78 MeV) and 40Ca (3.35 MeV). In these ex-
periments the scattering of 30-MeV to 60-MeV electrons was observed at angles from
105◦ to 165◦. The analysis was based on the Distorted Wave Born Approximation
(DWBA) model. The angular distributions were measured at constant momentum
transfer q = 0.27 fm−1. This study concluded that a precise electron experiment can
distinguish monopole and quadrupole transitions.
• An identical technique was used by Strehl in 1970 [77] to study 0+ states in the same
light nuclei, including 12C (7.65 MeV), 24Mg (6.44 MeV), 24Si (4.98 MeV and 6.69
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MeV),32S (3.78 MeV) and 40Ca (3.35 MeV). The same set of angles of 105◦ to 165◦
and similar electron energies, 28 MeV to 60 MeV, were used. DWBA-calculations
were used to deduce the matrix elements and transition radii. In this study E2 and
E3 transition strengths also were reported in 12C, 28Si, 32S and 40Ca.
• In a study by Crannell et al. in 2005 [78], the electromagnetic transition from the
ground state to the second-excited state in 12C was studied. They used diﬀerent
electron scattering data sets from four laboratories: Darmstadt [79], Bates-CUA [80],
NIKHEF-K [81], and HEPL [82]. A range in q from 0.27 to 3.04 fm−1 was covered
by these data sets. Analysis was based on a DWBA code and a Fourier Bessel (FB)
expansion for the transition charge distribution. This study reported a new value for
ΓE0π which was considered to be the most precise value for the pair width at that time.
• A new value of the pair decay width was obtained by Chernykh et al. in 2010 [47].
The experiment was carried out at electron energies between 29 MeV and 78 MeV
on a self supporting carbon target, using the high energy resolution spectrometer
of the Darmstadt superconducting electron linear accelerator. The extensive data
on the inelastic scattering electrons were used to determine the pair decay width of
the Hoyle state. The obtained results covered a wide momentum transfer range. An
accurate value was obtained for the pair decay width, extracted using the results from
these 12C(e, e′) experiments at low momentum transfers, alongside a new analysis of
the world data.
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Figure 2.6: Summary of the previous measurements of ΓE0π ×10−5. The black and red lines
indicate the adopted value and the uncertainty, respectively.
The adopted value is from the most recent measurement by Chernykh [47], who also carried
out critical analysis of the world data. The very recent review of the Hoyle state by Freer
20 The Hoyle state in 12C
Table 2.4: Pair decay width
Reference ΓE0π (×10−5 eV)
Fregau (1956) [71] 5.5(3)
Crannell and Griﬀy (1964) [72] 6.5(7)
Gudden and Strehl (1965) [73] 7.3(13)
Crannell et al. (1967) [74] 6.2(6)
Strehl and Schuncan (1968) [76] 6.4(4)
Strehl (1970) [77] 5.94(51)
Crannell et al. (2005) [78] 5.20(14)
Chernykh et al. (2010) [47] 6.23(20)
Adopted value 6.2(2)
and Fynbo [10] also made the same recommendation. We are not aware of any current
attempt to resolve the more than four sigma diﬀerence between Crannell et al. [78] and
Chernykh et al. [47] values.
2.2.4 The energy release for the 3α breakup of the Hoyle state
The Q-value for the 3α breakup of the Hoyle state in 12C depends on the exact value of
the excitation energy of the 0+ state. Both the Q-value and the Hoyle state energy were
obtained by twelve measurements over the past 60 years. These studies will be discussed
below and are summarized in Table 2.5. They are also shown in Fig 2.7.
• A study by Dunbar [41] using the 14N(d,α)12C reaction aimed to identify the alpha
particle group that leads to the Hoyle state, and yielded an excitation energy of
7.692(30) MeV and a Q-value of 417(25)keV. The population of the Hoyle state was
found to be only 6% of that to the first excited state (4.439 MeV) in 12C.
• The same reaction, 14N(d,α)12C, was used by Pauli [84] and Ahnlund [85], who ob-
tained a level energy of 7.665(15) MeV and 7.660(13) MeV andQ-value of 390(15)keV
and 385(13)keV, respectively.
• The most precise measurement of the Q-value prior to 1970 was obtained from a
measurement by Cook, Fowler, Lauritsen and Lauritsen (CFLL) in 1957 [43] which
gave Q = 372(4) keV. This study reported the excitation energy of the Hoyle state to
be 7.653(8) MeV using the 11B(d,p)12B→ 12C + 8Be + α reaction. The momentum
spectrum was plotted after a correction for charge exchange using data of Stier [86]
and was compared to theoretical spectra calculated for Q (12C∗- 8Be- 4He).
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• Using the 14N(d,α)12C reaction, Jaidar et al. [87] determined the excitation energy
of the Hoyle state of 12C to be 7.653(10) MeV and obtained a Q-value of 378(10) keV.
• The energy level scheme of 12C was established by Browne et al. [88] using the
10B(3He,p)12C reaction at 11 diﬀerent angles from 5◦ to 139◦. Yields at each angle
were measured relative to the yield of the 10B(3He,d)11B reaction. The angular
distribution was obtained and the absolute cross sections were found by comparing
these yields with the known yields from the 10B(d,p)11B.
The excitation energy of the Hoyle state was measured to be 7.657(6) MeV and
obtained a Q-value of 382(6) keV which was 2 standard deviations higher than the
value of CFLL.
• Austin in 1971 [89] obtained a Q-value from an experiment to measure the energy
of the Hoyle state of 12C. Ex = 7.656(20) MeV and Q-value of 381.9(22) keV were
obtained, from which the rate of the triple-alpha reaction was deduced. The outgoing
inelastic scattering of protons from 12C was recorded using a magnetic spectrometer
and the 12C(p, p′)12C reaction.
• A Q-value was extracted using the 1964 mass table in a study by Stocker in
1971 [35]. Eight simultaneous measurements had been recorded to measure the
energy of the first two excited states in 12C at 4.439 MeV and 7.65 MeV from
magnetic analysis of inelastic scattering of protons and 3He.
A value of 7.656(25) MeV and Q-value of 381(26) were obtained for the excitation
energy using the 12C(p, p′)12C and the 12C(3He,3He’)12C reactions. There was a
change of 12-keV from the Q-value obtained by CFLL [43], which reduced the triple-
alpha rate by a factor of 3.3.
• The excitation energy of the Hoyle state was measured by McCaslin in 1973 [90]
using the simultaneous measurement of the magnetic rigidity of the α++0 and α
+
2
groups from the reaction 15N(p,α)12C → 12C + 8Be + α. The α particle to the
ground state of 12C were detected simultaneously with the α particles to the second
excited state in order to calibrate the spectrometer.
A reported value of 7.654(10)-MeV was used to extract the Q-value of 379.4(17)
keV. The rate of the triple-alpha process at T = 108 K was reduced by a factor of
three compared with CFLL measurement, using the weighted mean of all the earlier
measurements.
• A direct measurement of the energy release for the 3α breakup of the Hoyle state
in 12C (12C∗ → 3α) was reported by Barnes in 1973 [91]. The result of this study
compared with the results obtained by Austin, Stocker and McCaslin [89, 35, 90]
using the reaction 11B(d,p)12B → 12C + 8Be + α.
A weighted average of 380.3(14) keV was obtained by combining Barnes’ result with
these three results and use the average value of the energy of the Hoyle state from
these measurements.
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Table 2.5: Summary of the measured Q3α-values
Reference Q3α[keV] Ex [MeV]
Dunbar et al. (1953) [41] 417(25)a 7.692(30)
Pauli(1955) [84] 390(15) 7.665(15)
Ahnlund (1956) [85] 385(13)b 7.660(13)
Cook et al. (1957) [43] 372(4) 7.653(8)
Jaidar et al. (1961) [87] 378(10)c (7.653(10)
Browne et al. (1962) [88] 382(6)d 7.657(6)
Austin et al. (1971) [89] 381.9(22) 7.656(20)
Stockeret al. (1971) [35] 381(26) 7.655(25)
McCaslin et al. (1973) [90] 379.4(17) 7.654(10)
Barnes (1973) [91] 379.6(20)
Jolivette (1974) [92] 380.3(11) 7.655(10)
Nolen (1976) [19] 379.31(21) 7.655(10)
Average value 379.35(20)
a,b,c,d The data have been revised using the 1971 Mass
Tables [93].
• A newQ-value was obtained in a study of Jolivette in 1974 [92] from the measurement
of the excitation energy of the second excited state in 12C.
A reported value of 7.655(10)-MeV was measured using the 12C(p, p′)12C reaction
and obtained Q-value of 380.3(10) keV.
• Nolen in 1976 [19] obtained a Q-value for the 3α reaction that was very close to the
weighted average value at that time.
In his study the rate of the triple-alpha reaction was deduced, and the Q-value
and the excitation energy of the Hoyle state were found to be 379.31(21) keV and
7.654(20) MeV based on measurements of the 12C, 15N, 16O(p, p′) reactions.
It is commonly acknowledged that the pair-decay branching ratio is the largest contributor
to the total error on the triple-alpha reaction rate. Despite all the studies that focus on
the emission of 3.215-MeV gamma-rays, further studies and experiments are required to
characterise and understand the decay of the Hoyle state.
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Figure 2.7: Summary of the previous measurements of Q3α. The black and red lines indicate the
adopted value and the uncertainty, respectively.
2.3 The structure of the Hoyle state
The Hoyle state has been the subject of many theoretical and experimental studies [10]
and its structure and properties remain a matter of much discussion and even debate.
One can extract valuable information about the structure of the Hoyle state by confronting
the observable properties of the Hoyle state with nuclear structure models. Some of
these properties are already discussed in section 2.2. It is generally agreed that the Hoyle
state is formed by α-like clusters within the 12C nucleus. Fig 2.3 shows the possible
arrangements of the 3-alpha particles forming states of 12C.
Some of these arrangements are supported by strong experimental evidence.
A study was carried out by Freer [94] to reexamine the excited states in 12C in the 7-15
MeV excitation energy region. For this study the 12C (12C,3α) 12C reaction was used at
beam energies between 82 MeV and 106 MeV. Decays to the ground state and the excited
states in 8Be were used to identify states of diﬀerent characters. The results showed that
there is evidence of the existence of a state at 13.35 MeV and it was suggested that this
13.35 MeV state has spin and parity of 2−, 3+, or 4−. This conclusion was obtained by
analysis of the angular distributions of the unnatural parity states at 11.83 MeV and
13.35 MeV and consideration of the structure of 12C.
The excitation energies of 12C were measured by a high-energy-resolution magnetic
spectrometer. Evidence has been found for a possible 2+ excitation of the Hoyle state
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Figure 2.8: α particles may arrange themselves in a triangle, a chain or other structures [95].
at 9.6(1) MeV. The separation of this state from the Hoyle state was explained using
models that consider the structure of such states as a loose arrangement of α particles [96].
Some experimental evidence for the existence of a J = 2 state about 2-MeV above the
Hoyle state has been presented by Freer et al. [97] and Zimmerman et al. [98]. These
studies used the 12C(α,α′) and 12C(p, p′) reactions, and supported the existence of a
2+ state close to 9.61 MeV. Conclusions about the possible arrangements of the three
alpha-particles were drawn using the 2-MeV separation between the Hoyle state and the
2+ state. The more appropriate arrangement is a loose arrangement rather than a linear
chain. A measurement of the 12C(γ, 3α) reaction at the HIγS facility [99] confirmed
the existence of the 2+ resonance state above the Hoyle state. In this experiment the
electromagnetic transition rate between the ground state and the 2+ state was extracted,
which was used to test models of its structure.
A somewhat diﬀerent picture emerged from the analysis of the proton and α-scattering
data by Freer et al. [100], which suggested that the particles form an open triangle
shape or can be considered a loose assembly.
A number of elastic and inelastic electron scattering measurements [76, 82, 101, 102]
suggested that the root mean square RMS radius of the Hoyle state is larger than that
of the ground state by a factor of 1.35-1.6. Chernykh et al. [47] tried to investigate the
structure of the Hoyle state experimentally and compared their data with theoretical
calculations that indicated a density with large spatial extension for the Hoyle state
[103]. The RMS radius of the Hoyle state was about 1.5 times (30%) bigger than that of
the ground state.
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Resonances in 12C up to an excitation energy of 15 MeV were populated in a study by
Kirseborn [137] using the 3He +11B→ d+ 12C∗ reaction. In this study an upper limit of 5
× 10−3 on direct decay of the Hoyle state was obtained, which is one order of magnitude
better than a previous upper limit of 0.04 obtained by Freer et al [7].
Although the study by Wuosmaa [105] implied that the Hoyle state has a cluster
structure, the observed moment of inertia of the band built on the Hoyle state excludes
the possibility of the linear chain structure [96, 98, 106].
Based on the experimental data, the triangular structure is preferred [97].
2.3.1 Theoretical approaches to 12C
Several theoretical approaches and models have been developed to understand the con-
figuration of the second-excited state in 12C. In this section an overview of some of these
approaches will be classified into five groups. This classification is similar to that of Freer
and Fynbo [10].
The Alpha Cluster Model (ACM): The shell model was unable to reproduce the
energy of the Hoyle state, which confirmed the early suggestion of a strongly
clustered state. The Alpha Cluster Model(ACM) was developed by Brink [107].
The main key of this model is that proton and neutron pairs produce quar-
tets associated with total angular momentum of zero like an α particle. The
wave-functions of those quartets can be written as:
Φi(r) =
√
1
b3π3/2
exp
[−(r−Ri)2
2b2
]
, (2.4)
where Ri is the location of the quartet and b =(h¯/mω)1/2 is evaluated for the size
of the α-particle.
The arrangement of the α-particles, based on this model, depends on the lo-
cation and the size of the α-particles. For 12C, based on the ACM, a linear chain
structure is associated with the Hoyle state and an equilateral triangular arrange-
ment is associated with the ground state. The ACM model also confirms that
the ground state has a radius of 2.40 fm compared to 3.71 fm for the Hoyle state [103].
In 1956 Haruiko Morinaga conjectured that the Hoyle state is nonspherical [108],
and based on the angular momentum of the J=0 state, should be accompanied by
a band of rotationally excited states with an angular momentum of J=2, 4, and so
on [109]. The same type of structures are seen in 8Be, 16O, 20Ne and 24Mg.
A study of the α-cluster of the Hoyle state was made by Fedotov in 2010 [110].
The properties of the resonance of the Hoyle state in 12C were calculated using the
ACM model. The structure of the Hoyle state, based on this study, was fluctuating
between equilateral triangle and the linear chain configurations. The latter has a
probability of 90%.
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Condensates and the THSR wave function: The Block-Brink wave function was
adapted by Tohsaki, Horiuchi, Schuck and Ro¨pke (THSR) in order to describe the
possibility of a Bose-Einstein condensate (BEC) of α-particles in relation to the
Hoyle state [111, 112, 113, 114].
A study by Tohsaki [112], using a new α-cluster wave function, pointed out
that the volumes of the 3 and 4 α-particle threshold states in 12C and 16O are
around three times the volume of the ground states. This result confirmed the
ultra-cold gas structure of the threshold states.
The wave function of the Hoyle state of 12C was obtained by Funaki [113].
The results conclude that the wave function of the microscopic 3 α-cluster model is
equivalent to the wave function of the 3α condensed state, which provided strong
evidence that the second excited state of 12C has a gas-like structure.
Analysis of experimental inelastic scattering electrons by Funaki [111] also
suggested a condensate character of the Hoyle state.
A recent study by Ishikawa [115] considered the distributions of the outgoing
α-particles, and the density distributions of the Hoyle state were calculated using
the wave function at the interior part of the Hoyle state. The experimental results
showed peaks in the interior density distributions, which corresponded to the
configurations of the equilateral and isosceles triangle and a bent arm configuration
for diﬀerent states in 12C .
Antisymmetrised and fermionic molecular dynamics (AMD, FMD): The main
advantage of the AMD model is that there are no assumptions made about the
existence of clusters. The FMD model is an alternate approach to AMD with the
width parameter of the Gaussian wave-function as an extra degree of freedom.
The FMD model was used in a study of the structure of the Hoyle state by
Chernykh [116]. This study reported that the 3-alpha particles are similar to a
Bose-Einstein Condensate (BEC).
Uegaki’s group investigated the structure of the excited states in 12C. The
low-lying levels below 15 MeV, except the 1+ level (12.7 MeV) of this nucleus,
have been calculated using the generator coordinate method (GCM) [117, 118]. A
microscopic α model was used to reproduce the 1+ level.
The microscopic multipole transition densities between the seven T = 0 states in
12C were calculated using the 3α resonating group method (RGM) [119]. In this
study an alternative explanation of the α clustering, as related to ultra-cold gases,
was proposed.
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The Antisymmetrized Molecular Dynamics model (AMD) was used by Kanada
to investigate the structure of the Hoyle state [120]. Energy levels up to 20 MeV
were calculated and the energy of the first 2+ state was successfully reproduced
compared to the RGM and GCM models.
Based on the AMD, the FMD and the BEC models, respectively, the radius
of the ground state was found to be 2.53, 2.39 and 2.40 fm, compared to 3.27, 3.38
and 3.83 fm for the Hoyle state. Thus the models consistently predict an increased
radius for the Hoyle state compared to the ground state.
Ab initio approaches: The main goal of nuclear theory is to explain the properties
of atomic nuclei and their structure, if possible from first principles. The ab
initio no core shell model (NCSM) is one of these theoretical models that aims
to solve the properties of nuclei exactly for arbitrary nucleon - nucleon (NN) and
NN + three-nucleon (NNN) interactions. The NCSM provides the possibility of
calculating the binding energies and excitation spectra, as well as other properties
for nuclei such as the electric quadrupole moment, the magnetic dipole moment,
and transition strengths. [121]
The ab initio no-core shell model (NCSM), which is used to reproduce the
excited states in a range of light nuclei, described many of the properties of 12C,
but it did not succeed in reproducing the second-excited state in 12C [122]. Using
the NCSM model, nucleons have to be scattered into very high-lying levels within
the harmonic oscillator (HO) in order to investigate the details of the Hoyle state.
This might be the reason why these models failed to reproduce the Hoyle state
in 12C. The first ab initio calculation of the low-lying states of 12C was obtained
by Epelbaum [123], using supercomputer lattice simulations and an eﬀective field
theory. The ground state and the excited state with spin 2 were observed in addition
to a resonance state at -85(3) MeV with zero spin and positive parity, which might
correspond to the Hoyle state.
A later ab initio [124] calculation that revealed the evidence of a low lying
rotational excitation along with the structure of the Hoyle state, holds the view
that the Hoyle state and the second excited 2+ state have a bent arm or obtuse
triangular configuration as shown in Fig 2.9, while a compact triangular config-
uration was found for the ground state and the first-excited spin-2 state, see Fig 2.10.
In this study, the electromagnetic transitions among the low-lying states were also
calculated along with the charge radii and the quadrupole moments. A reasonable
agreement with the experiments was achieved.
In summary, the structure of the Hoyle state can be a Bose α gas, or condensate, a linear
chain, or a triangle. In order to understand these diﬀerent arrangements, the precise
characterization of the excitations above the Hoyle state is required. All of the approaches
confirm that the Hoyle state has a radius larger than that of the ground state.
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Figure 2.9: A bent arm of alpha clusters for the Hoyle state of 12C [124].
Figure 2.10: A compact triangular configuration of alpha clusters for the ground state of 12C [124].
Chapter 3
Preliminary measurements and
related studies
This chapter presents two measurements related to the present study. First, a pilot
measurement was carried out to determine the ratio of the radiative width of the Hoyle
state at the Australian National University (ANU) by observing γ-ray decays depopulated
the Hoyle state. The second experiment was focused on the pair conversion of the E0
and E2 transitions de-exciting the Hoyle state. An overview of the two experiments will
be presented along with a brief introduction to the 14UD accelerator at the Heavy Ion
Accelerator Facility (HIAF) at ANU.
3.1 14UD
The 14UD tandem pelletron accelerator facility is located at the ANU, Canberra, Aus-
tralia. Since the 1970s, the 14UD has serviced seven beam lines. In addition, three new
lines were added in the LINAC Hall in the 1990s. Each beam line has diﬀerent types of
detectors for studies of nuclear structure, nuclear reactions and accelerator mass spectrom-
etry. The 14UD runs between 3500 and 5000 hours per year and supports local research
groups, as well as national and international collaborators. The essential features of the
14UD ion accelerator are as follows:
• Negative ions of the isotope of interest are provided by the ion source.
• There are two ion sources: a Multi-Cathode Sputtering Negative Ion Source (MC-
SNICS) and a Gas Sputtering Negative Ion Source (Gas-SNICS). They can provide
beams including hydrogen, lithium, carbon, oxygen, silicon, chlorine and nickel and
many others.
• Once injected into the accelerator, the negative beams are accelerated within a
vacuum tube towards a positive high voltage terminal.
• High voltages up to 15-MV on the terminal can be used.
• This high voltage terminal is enclosed with a pressure vessel which is filled with an
inert gas, sulphur hexafluoride, at a pressure of 7 atmospheres. All terminal equip-
ment is controlled via optical cable and powered by alternators driven by perspex
rotating shafts.
• An analysing magnet at the Base of the Accelerator Tower is used to select the
charge state and energy of the beam, which can be delivered to either the LINAC
or one of the experimental areas.
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3.2 The production of the Hoyle state in the laboratory
The Hoyle state is created in a stellar environment in a way that cannot be replicated in
the laboratory, so an alternative population mechanism is needed. More than one reaction
can be used to populate the Hoyle state, including scattering reactions, transfer reactions,
fusion evaporation reactions and radioactive decay. Various methods to populate the
Hoyle state are shown in Fig 3.1. The figure also includes the level scheme of 12C and the
decay routes of the Hoyle state.
Transfer reactions are a standard method to analyse nuclear structure. The Hoyle
state can be populated by one of these transfer reactions: 9Be(α,n)12C, 10B(3He,p)12C,
11B(3He,d)12C, 13C(p,d)12C, 14N(d,α)12C and 15N(p,α)12C [125].
Gamma decay from higher-lying states can be used to populate the Hoyle state. This
method was used in studies by Shay (1974) [126] and Snover and et al. [127] (1977) to
populate the Hoyle state from higher lying continuum states using 9Be(3He,γ)12C and
11B(p,γ)12C reactions. Measurements of the Hoyle state populated via β decay from 12B
have also been used to study its structure [20, 128].
Several measurements used inelastic scattering reactions to populate the Hoyle state and
study its structure. The 12C(p,p′)12C and the 12C(α,α′)12C reactions have also been
used to study the 2+ resonance state at Ex = 9.75(0.15) MeV [100]. The best option for
measuring γ-ray and pair conversion [125], is the 12C(p, p′)12C reaction.
Moreover, R-matrix theory was used to understand the width of the Hoyle state, as
discussed for the first time by Barker and Treacy [129]. This method was used to explain
levels positioned close to thresholds. The penetrability parameter governs the width and
rises the secondary peak in the level called ghost anomaly. Davids and Bonner [130]
studied the enhancement of the 3*(4He) → 12C reaction rate based on the measured
proton scattering total cross section. Using 8.850-MeV and 10.810-MeV proton beams,
from the Texas Tandem Van de Graaﬀ, the total cross section of the 12C(p, p′)12C reaction
was measured at θ =90◦ and 150◦.
The total cross section as a function of energy for the scattered protons from 12C was
measured by Swint [131]. Absolute diﬀerential cross sections for elastic and inelastic
scattering were reported. Proton beam energies between 6.0 MeV to 12.8 MeV (for the
inelastic scattering) and 4.7 MeV to 12.8 MeV (for the elastic scattering) incident on self
supporting natural carbon foils were used to study the 12C(p, p′)12C reaction. Scattered
protons were detected at lab angles of 25.54◦, 85.22◦, 105.23◦, 121.61◦, 137.52◦ and 159.45◦.
As shown in Fig 3.2, at 10.5 MeV proton energy, the cross section has a resonance [130].
The maximum cross section is 90 mb. More recently, it has been determined that the
value is actually lower by a factor of 5 [70]. Approximately 8% of the total yield leads to
the population of the Hoyle state.
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Figure 3.1: The possible reactions to populate the Hoyle state [10].
Figure 3.2: The total cross section for the reaction 12C(p, p′)12C∗ (7.65 MeV). The cross section
is shown as a function of both the proton bombarding energy in the laboratory and the energy
above the threshold for inelastic excitation of the 7.65 MeV state [130].
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3.3 Proton-gamma measurement (ANU)
3.3.1 Experimental apparatus
Preliminary proton-γγ experiments were carried out at the ANU in 2012. Scattered
protons at 150◦ angle were detected by an array of proton detectors in coincidence with
γ rays detected in four 5” by 5” NaI detectors.
This set-up was designed to record pγγ coincidence events defined as follows: inelastic
scattering of the incoming protons excites the Hoyle state, which then decays, 0.04%
of the time, via two E2 photon decays to the ground state via the first-excited state.
Gamma radiation occurs more than 98% of the time; the remaining rate occurs by pair
conversion. The ratio of such events compared with the total excitation of the Hoyle state
determines the Γrad/Γ branching ratio.
The NaI detectors were mounted horizontally at ± 45◦ and ± 135◦ to the beam direction
and about 11 cm from the target. The γ-ray detectors were combined with eight silicon
photodiode detectors. Each particle detector has an active area of approximately 10 mm
by 10 mm, with an eﬀective thickness of about 100 µm.
Monte-Carlo simulations using the Stopping and Range of Ions in Matter code,
SRIM [132], were used to understand the observed particle spectra and to estimate the
thickness of the photodiodes using the energy loss peak of the elastic proton group, which
deposited only part of its energy in the depletion layer of the detector.
The mean proton detection angle was about 150◦ and the target and the silicon pho-
todiode detectors were located in the vacuum chamber. The incident proton beam was
focused through a 6 mm diameter collimator, which was located 80 cm upstream and
shielded by 2.5 cm of lead.
target 
proton 
detector 
5” by 5” NaI 
Figure 3.3: The pγγ coincidence set-up based on four 5” by 5” NaI detectors and an array of
proton detectors. One of the NaI detectors and the vacuum champer are not shown. (Courtesy of
Allan Harding), ANU
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Figure 3.4: Eight silicon photodiode detectors and the 12C target in the middle.
The physical arrangement of the γ-ray detectors is shown in Fig 3.3, and the silicon
photodiode detectors and the target are shown in Fig 3.4.
3.3.2 Initial gamma-proton measurements
The data were collected event-by-event and written on disk for oﬄine analysis. Each
event consisted of a proton and γ-ray energy in coincidence, as well as their associated
times, which allowed for the subtraction of random coincidences.
Initial test experiments using this proton-gamma-gamma-coincidence set-up were carried
out with 10.5 MeV protons incident on a 200 µg/cm2 target, using the 12C(p, p′)12C
reaction [133]. To calibrate the energy, a 56Co source was used for the γ detectors and
α particles from a 241Am source were used for the particle detectors. In the initial
experiments a large background was observed in the γ-ray spectra, which was attributed
to the proton activation of low-Z material at the entrance of the chamber. The beam
collimator was redesigned and additional shielding was installed.
Fig 3.5 shows the singles gamma-ray spectrum that was recorded in the initial experiment
using one of the NaI scintillator detectors. In the same frame, this spectrum is compared
with a spectrum that was recorded with a high-resolution Compton-suppressed HPGe
spectrometer using the same reaction but with diﬀerent targets, and diﬀerent setups.
The spectra are clearly dominated by the 4.439 MeV E2 transition from 12C. Additional
high-energy transitions were also observed from the 16O contamination in the target.
Distinct features of the high-energy lines include single- and double-escape peaks. In the
second experiment, proton-gamma coincidences were observed. Representative spectra of
the proton-gated gamma-rays are shown in Fig 3.6. The total projected particle spectrum
is shown in the insert. This spectrum has three proton groups and can be used to project
gamma-rays in coincidence. According to reaction kinematics, the peaks at around 4.3
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Figure 3.5: Gamma ray singles measured with a HPGe detector (top); proton-gamma coincidence
spectrum measured with a NaI detector (bottom). The photo peak, the first escape peak and the
second escape peak are marked.
MeV and 1.2 MeV can be attributed to excitations of the 4.439-MeV and the 7.765-MeV
states in 12C, respectively. The third proton group was expected at 7.8 MeV from
the elastic scattering of the 10.5 MeV bombarding particles on the target. The silicon
detectors used in this experiment, however, were not expected to stop such high-energy
protons; rather, it was expected that they would be observed as an energy-loss peak at
around 2 MeV.
This assumption was further explored with Monte Carlo simulations using the SRIM
code. In these calculations, the energy deposited by the 1.2-MeV, 4.3-MeV and 7.8-MeV
energy protons was evaluated using diﬀerent detector thicknesses, ranging from 50 µm
to 200 µm. While protons are fully stopped up to an energy of 4.3-MeV, the mean
deposited energy of the 7.8-MeV protons depends on the detector thickness. Satisfactory
agreement with the experimental data was achieved for a detector thickness of about
100-µm. Representative gamma-ray spectra, gated by the 4.2-MeV proton group from
the 4.439-MeV 2+ state and by the 1.2-MeV proton group from the 7.65-MeV 0+ states,
respectively, are shown in Figure 3.5. While the first spectrum was expected to be
dominated by the 4.439-MeV E2 transition, the second spectrum should have contained
the two cascading E2 transitions at 3.215 MeV and 4.439 MeV. This spectrum contains
only a few events, possibly from chance proton-gamma coincidences. An arrow indicates
where the 3.215-MeV E2 transition was expected from de-exciting the Hoyle state. This
set-up, which is a comparable set-up to that used by Obst and Braithwaite in their exper-
iment [1], was developed to observe pγγ coincidences. Although these first experiments
were encouraging, much more work was needed to improve the sensitivity of the apparatus.
It is obvious from previous studies that at a proton energy of 10.5 MeV, the population
of the 7.65-MeV state is about 3.7 times smaller than the population of the 4.439-MeV
state. Furthermore, the 3.215-MeV gamma-ray carries only 0.04% of the total decay
intensity from the Hoyle state, as pointed out early in section 2.1. This is equivalent to a
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Figure 3.6: Proton-gated gamma spectra recorded with the NaI scintillator detectors. Gate
on 4.439-MeV (red) and gate on 7.65-MeV (blue) proton groups. The insert shows the particle
spectrum recorded in a thin Si detector. Note that the elastically scattered protons are detected
as energy loss events at around 2 MeV energy.
very small cross-section for the photon emission. Therefore, it is important to optimize
the γ-ray detection eﬃciency.
3.4 Pair conversion measurements (ANU)
3.4.1 Experimental apparatus (Super-e electron spectrometer)
A new approach has been designed and an apparatus has been built in order to determine
the decay rate of the Hoyle state using the ANU Super-e electron spectrometer [134],
reconfigured as a pair spectrometer, see Fig 3.7. This approach is designed to measure
pair production rates for the E0 (7.65 MeV) and the E2 (3.215 MeV) transitions.
The 2.1 Tesla superconducting solenoid is mounted perpendicular to beam of the 14UD
Heavy Ion Accelerator. The target is positioned at 45◦ to the beam direction, allowing
the beam to pass through, with the transportation of electrons and/or positrons from the
back of the target [135]. Two axial baﬄes and the diaphragm define the energy range of
electrons and/or positrons that can reach the detectors for a given magnetic field. The
competing radiations such as gamma-rays, scattered beam particles, and X-rays can be
largely eliminated by this baﬄe system in order to reduce their impact on the (Si)Li
semiconductor detectors.
A new lens absorber system was optimised for the electron-positron measurements. The
minimum amount of absorber material between the target and detectors was increased
from approximately 20 mm of lead to about 80 mm of heavymet. This was expected to
reduce the high energy photon background by a factor of 50.
36 Preliminary measurements and related studies
Si(Li) detector 
array 
electron 
positron 
target 
Figure 3.7: Schematic view of the magnetic pair spectrometer. (courtesy of Caleb Gudu, ANU)
The electrons and positrons were transported from the target to the detectors by the mag-
netic field. In order to optimise the detector geometry, Monte Carlo simulations were used.
The key element of the new pair spectrometer is a Si(Li) array located 35 cm from
the target. Most of the particles (electrons and positrons) will complete two and
half loops before reaching the detectors. A Si(Li) array containing six detectors has
been developed to observe the electron-positron pairs. Each of the detectors has an
active area of approximately 260 mm2 and a thickness of 9 mm. Heavymet walls, 2 mm
thick, have been installed between the detector segments to eﬀectively eliminate cross talk.
The new spectrometer has demonstrated high electron selectivity over other types of ra-
diation, including photons, X-rays and scattered beam particles [136]. The sample of
the electron and positron momentum transported to the Si(Li) detectors is well defined
via the lens absorber system [137]. The magnetic field is set according to the transition
energy of interest, and so the electrons and positrons that are transported to the detectors
will have the same energy. A detailed description of this approach and the apparatus is
in publications by Kibe´di (2012) [138, 137].
3.4.2 Pair conversion measurements
As mentioned earlier, only 1.5% of the electromagnetic decay intensity is carried away by
the 7.65-MeV E0 pair decay and 0.09% by the pair decay of the 3.215-MeV E2 transition.
The aim of the pair conversion study is to observe the E0 and E2 transitions from the
Hoyle state in one experiment. Instead of using equation 1.3 to determine the decay rate, a
new measurement can be obtained by a direct measurement of the ΓE2π / Γ
E0
π ratio, which
can be combined with the measured value of ΓE0π using the theoretical pair conversion
coeﬃcient (αE2π ) [139, 140]. The γ-ray and pair conversion width are related via:
ΓE2γ = Γ
E2
π /α
E2
π (3.1)
§3.4 Pair conversion measurements (ANU) 37
The radiative width can be obtained as:
Γrad = Γ
E2
γ + Γ
E0
π + Γ
E2
π =
([
ΓE2π
ΓE0π
]
×
(
1 +
1
[αE2π ]
)
+ 1
)
× [ΓE0π ], (3.2)
where αE2π = 8.766×10−4, is known with accuracy of ≈ 1% [141].
Figure 3.8: Representative spectra measured with a 10.5-MeV proton beam on a 12C target
of 2 mg/cm2 thickness. (a) Singles gamma-rays measured with a Compton-suppressed HPGe
detector. (b) Summed energy spectrum of electron-positron pairs measured at magnetic field
settings optimised for the 4.439 MeV 12C, 6.5050 MeV 16O and 7.654 MeV 12C transitions. The
intensity of the peaks have not been normalised to each other; scale factors are noted in the figure.
Representative spectra of the initial experiments are illustrated in Fig 3.8. Panel (a)
shows singles photons measured with a Compton-suppressed HPGe detector. The high
energy part shows well-known transitions in 16O. It also shows the main transition in 12C
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at 4.439 MeV with the single and the double escape peaks.
Panel (b) shows the pairs spectrum collected using 500 nA beam over 41.5 hours in May
2014. The data were collected at three diﬀerent magnetic field settings for equal beam
charges: for the 4.439-MeV E2, the 7.65-MeV E0 transitions in 12C and for the 6.05-MeV
E0 transition in 16O. This study succeeded in observing the E0 decay of the Hoyle state.
The spectra show the 4.439-MeV transition in 12C in addition to the 6.05-MeV E0
transition in 16O. The relative estimated rates are: for the 4.439-MeV E2 transition
1 for gamma and 1.32 × 10−3 for pairs, for the 3.215-MeV E2 transition 1.1 × 10−4
for gamma and 9.2 × 10−8 for pairs, and for the 7.65-MeV state 1.6 × 10−6 for pairs.
These are estimated relative emission rates with respect to the 4.439 MeV E2 photons [68].
Figure 3.9: Representative spectra showing the electron-positron pairs. (a) Electron-positron
pairs collected by Alburger in 1977 [68]. (b) Electron-positron pairs collected with the new spec-
trometer.
Fig 3.9 shows a comparison between two spectra of the electron-positron pairs. Panel (a)
shows pairs collected by Alburger in 1977 [68] using the reaction 12C(p,p′)12C. A proton
beam of 10.5-MeV was incident on a 3.5-mg/cm2 thick carbon target. The spectrum
shows the relatively strong 6.05-MeV peak due to the E0 transition in addition to the
third and the fourth excited states of 16O. The corresponding 4.439 MeV peak of 12C was
used to establish the ratio of the 7.65-MeV E0 transition. The ratio of the 7.65-MeV to
4.439-MeV peak was 0.952(27)× 10−3. The pair decay branch was obtained in this study;
see section 2.2.2.
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The improvements in the detector system have led to:
• A marked reduction in the high-energy photon background by the new lens absorber
system.
• Optimized coincidence eﬃciency for E0 and E2 1:1 compared to 500:1 in Alburger’s
study in 1977.
• Less sensitivity for correlation and attenuation eﬀects.
• Higher eﬃciency for 7.654-MeV pairs by a factor of 2 by using the 9 mm thick Si(Li)
array.
• Increased yield by a factor of 5 with 500 nA proton beam intensity through improved
shielding of the beam dump.
The pair spectrum obtained by the new pair spectrometer based on six Si(Li) detectors
combined with a magnetic lens transporter, is superior compared to the results of
Alburger; however, more improvements are needed in terms of the evaluation of pair
conversion eﬃciency accurately for transition energies up to 8 MeV, evaluation of the
pair eﬃciency, evaluation of the relationship between eﬃciency and magnetic field,
understanding the background and line shapes in pair measurements, and a run 10 times
longer to achieve suﬃcient statistics.
The pair spectroscopy measurement complements the present γ-ray study. The results of
both projects will be used to determine a new value of the radiative width of the Hoyle
state.
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Chapter 4
Experimental methodology
Although the pathway to the stable ground state of 12C has been a well known story for
more than 50 years, the decay rate of the Hoyle state via E0 and E2 transitions is not
suﬃciently well known for astrophysical purposes. Experimentally, observing this ratio
in the laboratory is extremely challenging. In the following chapter, the experimental
methodology used in the present study of the γ-decay of the Hoyle state will be discussed.
Results of Monte Carlo simulations performed to support the understanding of the
particle detection are also presented.
4.1 Proton-gamma-gamma Experiment (Oslo)
The main experiment in this thesis was performed at the Oslo Cyclotron Laboratory
(OCL), at the University of Oslo located at the Center for Accelerator based Research
and Energy Physics (SAFE).
Figure 4.1: Oslo cyclotron [142].
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Figure 4.2: Layout of the cyclotron with target station [142].
The cyclotron was built in 1979. It is shown in Fig 4.1, which also shows the 90◦ analyzing
magnet on the left. Fig 4.2 shows the layout of the cyclotron, and also shows the energy
range and the beam species that it can provide. It can also oﬀer long beam times of one
to two weeks in order to collect enough statistics and has detection apparatus capable of
measuring pγ and pγγ coincidences.
An array of NaI scintillation detectors (CACTUS) and Si semiconductor detectors
(SiRi) are used to observe the gamma-rays and scattered particles in nuclear reactions.
Together they can be used to study gamma spectra corresponding to specific excitation
energies in nuclei.
4.1.1 Experimental apparatus
CACTUS array
The CACTUS array consists of twenty-eight 5” by 5” NaI-scintillation detectors [143]
for the detection of γ rays, see Fig 4.3. It is mounted on the 90◦ beam line. In our
experiment, only twenty-six detectors were mounted with two removed in order to provide
access to change the targets.
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Figure 4.3: CACTUS array consists of twenty-eight 5” by 5” NaI-scintillation detectors mounted
on a spherical frame [143].
Figure 4.4: Pentagons and hexagons in the structure of the detector-holding frame.
The NaI detectors are distributed in a spherical frame: The detector holders were
designed using pentagons and hexagons in order to “tile the sphere”, similar to a football,
as illustrated in Fig 4.4.
The 28 NaI detectors cover a total solid angle of ≈ 18% out of 4π. The NaI detectors of
the CACTUS-array are at a distance of 22 cm from the target.
CACTUS has six rings with diﬀerent polar angles (θ); each ring has five detector po-
sitions around the azimuthal angle (φ). The angles for each ring are presented in Table 4.1.
The energy resolution of a single detector is 6% Full Width at Half Maximum (CHM) [143],
and the CACTUS photopeak eﬃciency is 15.2% at the γ-ray energy of 1.332 MeV.
In front of the front face of each NaI detector, there is a copper absorber of 2 mm
thickness to reduce interference from X-rays.
The target chamber is located inside CACTUS and it can be removed from the centre
through two holes in CACTUS to change the targets. The cylindrical target chamber has
a diameter of 11.7 cm and an inner length of 48.0 cm. The particle detectors, which will be
described in detail later in this section, are mounted within the target chamber. A piece of
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Table 4.1: CACTUS has six rings. Each ring is mounted at θ angles with respect to the beam
axis and φ are the azimuthal angles of the five detectors in each ring.
Ring θ [deg] φ [deg]
1 142.6 36, 108, 180, 252, 324
2 116.6 0, 72, 144, 216, 288
3 100.7 36, 108, 180, 252,324
4 79.3 0, 72, 144, 216, 288
5 63.4 36, 108, 180, 252, 324
6 37.4 0, 72, 144, 216, 288
Quartz is used to focus the beam, and the beam spot can be monitored using a TV camera.
SiRi array
The Silicon Ring array called SiRi is a semiconductor detector array [144] for particle
detection, shown in Fig 4.5.
Figure 4.5: SiRi array has 8 E-∆E detectors distributed in a ring. It is located inside the
CACTUS target chamber [144].
The features of the SiRi array are:
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• It is located inside the target chamber of the CACTUS array, and designed to mea-
sure the total energy and energy loss of particles from nuclear reactions in coincidence
with γ-rays.
• SiRi has eight trapeziums, distributed in a ring, and the centre of each trapezium is
at a distance of 5 cm from the target.
• Each trapezium has eight front independent ∆E detectors and one common back E
detector, so SiRi has 64 E-∆E detectors in total.
• The thicknesses of the ∆E detector and the E detector are 130 µm and 1550 µm,
respectively. The total eﬃciency of SiRi is 9% of 4π. It has high angular resolution
for detection of the outgoing particles.
• The ∆E detectors are segmented into eight curved pads at individual angles of 40◦-
54◦, in 2◦- degree steps. The area of each pad proportionally increases with the θ
angle.
• SiRi can be mounted at forward and backward angles. In the present study, SiRi
covered eight backward angles of θ = 126◦ -140◦ with respect to the beam axis. The
latter were chosen in order to reduce the fraction of elastically scattered protons.
The mean scattering angles covered are listed in Table 4.2.
Table 4.2: Angular segmentation of the SiRi array. Each back detector (E) has eight front
detectors (∆E) designed to measure particles at specific angles θ. The outgoing particles were
measured at angles θ = 133◦ ± 7◦ with respect to the beam axis.
E1 E2 E3 E4 E5 E6 E7 E8 θ◦
∆E1 ∆E9 ∆E17 ∆E25 ∆E33 ∆E41 ∆E49 ∆E57 140
∆E2 ∆E10 ∆E18 ∆E26 ∆E34 ∆E42 ∆E50 ∆E58 138
∆E3 ∆E 11 ∆E19 ∆E27 ∆E35 ∆E43 ∆E51 ∆E59 136
∆E4 ∆E12 ∆E20 ∆E28 ∆E36 ∆E44 ∆E52 ∆E60 134
∆E5 ∆E13 ∆E21 ∆E29 ∆E37 ∆E45 ∆E53 ∆E61 132
∆E6 ∆E14 ∆E22 ∆E30 ∆E38 ∆E46 ∆E54 ∆E62 130
∆E7 ∆E15 ∆E23 ∆E31 ∆E39 ∆E47 ∆E55 ∆E63 128
∆E8 ∆E16 ∆E24 ∆E32 ∆E40 ∆E48 ∆E56 ∆E64 126
• Each detector’s active area was surrounded with 18 guard rings, covering a ring
width of 1700 µm.
• In order to stop δ electrons, an Al absorber with a thickness of 2.8 mg/cm2 is
typically used. However, in the current study, the Al layers were removed because
the Hoyle state was below the detector threshold after energy loss in the Al foil.
• The layout of the front ∆E detector is shown in Fig 4.6, and the back E detectors
have the same layout but they are not segmented into eight pads.
• The ∆E detectors (front detectors) were used to produce the master gate and the
start of the time-to-digital converters (TDC).
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Figure 4.6: The front of the ∆E detectors, segmented into eight curved pads at average angles
of 40◦- 54◦, in 2◦-degree steps. [144].
An illustration of the pγγ coincidence detection set-up is shown in Fig 4.7.
The basic technique is similar to that used by Obst and Braithwaite [1] and for
the initial gamma measurement [133], discussed earlier in sections 2.2.1 and 3.3.2,
respectively. In practice, this technique diﬀers in the use of a higher energy beam (10.7
MeV) and the use of a higher number of detectors, for both the particle and gamma-ray
detections.
Figure 4.7: The set-up for pγγ detection.
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4.1.2 Target preparation
A range of targets with diﬀerent 12C to 28Si mass ratios were prepared to measure singles
proton and pγγ coincidence rates:
• 200-µg/cm2 natural carbon with 21-µg/cm2, 7-µg/cm2 or 63-µg/cm2 SiO2 layers
• 180-µg/cm2 natural carbon
• 32-µg/cm2 natural carbon with a 140-µg/cm2 SiO2 layer
All targets were prepared at ANU and mounted on Oslo target frames. Alongside
the natural-carbon target, a self-supporting SiO2 target was required to determine the
absolute eﬃciency within the system. A SiO2 target was chosen because 28Si provides a
similar level structure to 12C in that at 4.98 MeV, it has a 0+ state which decays to the
first excited 2+ state, and then to the ground state.
There was diﬃculty in preparing a self-supporting SiO2 target. Thick SiO2 layers were
therefore evaporated onto thin carbon foils.
All data in this thesis were collected using the 180-µg/cm2 natural carbon target and the
140-µg/cm2 SiO2 target on the 32-µg/cm2 carbon backing for the calibration.
4.1.3 Electronics and Data Acquisition system
The data acquisition system at the OCL is based on VME modules, disk storage and a 3
GHz Unix computer with several TB of disk space [144].
For the ∆E detectors, there are four multichannel preamplifiers, each handling 16 strips,
and the E detectors single channel preamplifiers were used. The preamplifier is a Mesytec
MPR-16, which has appropriate sensitivity for the expected energies deposited in the thin
and the thick detectors.
Signals, which come from the preamplifiers, are transferred to Mesytec STM-16 modules.
These include timing filter amplifiers, spectroscopy amplifiers and leading-edge discrimi-
nators.
The trigger signal is generated for the data acquisition system using the logical (OR) of
all E detector discriminator outputs. In the present work, the trigger signal is derived
from the ∆E signals.
When the master signal is present, all analog-to-digital converters (ADCs) are open, for
∆E, E and γ detectors. ADCs from CAEN (mod 785) and Mesytec (MADC-32) convert
the energy signals, while time diﬀerences are generated ∆E (start) and NaI (stop) using
CAEN (mod 775) by time-to-digital converter (TDC).
The electronics include the CACTUS amplifiers, SiRi amplifiers, the trigger logic, ADCs,
TDCs and VME computer. The data acquisition system is controlled by software running
on a CES8062 CPU and finally is transferred by a CAEN VME USB module (mod 1718)
to a Linux computer, where the data acquisition program Sirius+ writes the information
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to disk. The data are sorted and displayed on-line to monitor the experiment.
4.1.4 Data collection
The experiment in this study was run for 12 days in the early part of January 2014.
The nuclear reaction: Inelastic proton scattering was used because of the evidence of
the existence of resonant population of the Hoyle state near 10.5 MeV in previous
measurements [1, 61]. The Hoyle state was populated using the 12C(p, p′)12C
reaction at 10.7-MeV proton energy.
The targets: A natural carbon target of 180 µg/cm2 was used in addition to 32-µg/cm2
natural carbon + 140-µg/cm2 SiO2 target for the eﬃciency calibration.
The calibration: 60Co was also used for calibration.
The beam energy: For the first two days a 10.5-MeV proton beam was used to excite
12C, but the Hoyle state was not visible. The beam energy was increased to 10.7
MeV, and after the absorbers on SiRi were recognized as the problem and removed,
the decision was taken to keep the beam energy at 10.7 MeV. That beam energy also
provided significant production yields of the Hoyle state in 12C. The beam intensity
was around 5 nA.
Collecting data: The inelastic scattered protons (which are outgoing at the range of
angles 126◦ to 140◦) were recorded in singles and in coincidence with γ rays using
CACTUS and SiRi. Each NaI detector provided an individual TDC stop, so that
prompt particle-gamma coincidences could be obtained event by event and written
to disk for oﬀ-line analysis.
The time diﬀerences between particles and the γ-rays can be used oﬀ-line to
select γ-rays which are in coincidence with a particular reaction of interest.
Singles proton E and ∆E events were collected, as well as E, ∆E, NaI-E and
NaI-T in coincidence. The coincidence events were recorded as follows: the particle
detectors gave the start signals, while the stop signals were given by the γ-ray
detectors.
After an 11-day run, 150 GB of data had been collected; 96% of the data was on the
natural carbon target from the decay of the Hoyle state. Short runs on SiO2 were collected
throughout the 11-day period, since the system oﬀered the possibility to switch between
the two targets without breaking the vacuum.
Each event has a specific structure in terms of the file format or the data types [145]; see
Table 4.3 for a summary. It should be noted that in OCL the modules and ADC channels
started at zero but in the present study they all shifted by one to start at 1.
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Table 4.3: Event data structure for the energies and the time diﬀerences..
VME-Module Channel Device
1 01 TPU (not used)
1 02 CLOCK (not used)
2 01:28 SCALER (not used)
3 01:28 NaI TIME
4 01:28 NaI ENERGY
5 01:08 SiRi-E ENERGY
6 01:64 SiRi-∆E ENERGY
4.2 Simulations
To give a better understanding of the particle detection by SiRi, a number of Monte Carlo
simulations were performed.
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Figure 4.8: Raw (ungated) particle energy spectrum using the SiO2 + 12C data for all eight ∆E
detectors from one strip. The labelled peaks are attributed to the excitation of the 4.439-MeV
and the 7.65-MeV (12C), 6.28-MeV (28Si) levels. The energy-loss peak is generated by high energy
protons punching through the detector.
During the run it was obvious that some of the particles deposited in their whole energy
in the ∆E detectors whereas some of them punched through the ∆E detectors, depositing
some energy before coming to stop in the E detectors.
Fig 4.8 and Fig 4.9 show the raw ∆E particle spectra demonstrating the energy loss using
SiO2 and 12C targets, respectively.
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Figure 4.9: Raw (ungated) particle energy spectrum using the 12C data for one strip of the SiRi
array, derived from the ∆E signals. The labelled peaks attributed to the excitation of the 4.439-
MeV and the 7.65-MeV (12C). The energy loss peak is generated by high energy protons punching
through the detector.
Monte Carlo Simulations, using the Stopping and Range of Ions in Matter (SRIM) code,
were performed to estimate the energy loss in the ∆E detector by comparing the total
proton energies to the energies stopped by the thick detectors. The total proton energies
were estimated using the relativistic kinematic calculation in the LISE++ code. Both
SRIM and LISE++ codes are described below.
SRIM is a set of computer programs which calculate the interactions of ions with
matter based on a Monte Carlo simulation method and the binary collision approxima-
tion [146, 147]. SRIM is widely used by the ion-implantation research and technology
community and also other branches of radiation and material science. The code developed
by Jochen P. Biersack and James F. Ziegler [148, 132], is updated every five years [149].
To run the SRIM code, it needs the ion type and energy, the material of the target and
its thickness. It can be run using one or several target layers, and the results are listed in
output files.
LISE++ is a program designed to predict the purity and intensity of radioactive ion
beams (RIB with in-flight separators) [150, 151, 152]. In order to simulate experiments
at beam energies above the Coulomb barrier, the program evaluates the production
reaction mechanism. This program includes the projectile fragmentation [153], fusion
evaporation [154], fusion fission [155], Coulomb fission [156] abrasion fission and two body
nuclear reactions models. LISE++ provides many handy tools including the Relativistic
Kinematics Calculator used in the present study.
The LISE++ Relativistic Kinematics Calculator was used to estimate the total proton
energies by specifying the beam species, the beam energy, the excitation energies, the
angle, the target type and the target thickness. The total proton groups, determined at
diﬀerent angles, for the excitation energies in 12C and 28Si, are presented in Table 4.4.
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Table 4.5: Calculated diﬀerences between the total energies (in MeV) based on the detector
angles, for 12C and 28Si targets.
Target E∗ E2-E1 E3-E1 E4-E1 E5-E1 E6-E1 E7-E1 E8-E1
12C 0.000 0.030 0.039 0.096 0.101 0.137 0.147 0.212
4.439 0.022 0.023 0.046 0.071 0.097 0.123 0.151
7.654 0.012 0.013 0.027 0.041 0.056 0.071 0.087
28Si 0.000 0.015 0.017 0.033 0.051 0.069 0.088 0.107
1.779 .0.014 0.015 0.030 0.046 0.063 0.079 0.097
4.618 0.011 0.012 0.024 0.037 0.050 0.064 0.078
4.980 0.011 0.011 0.023 0.035 0.048 0.061 0.075
6.276 0.009 0.010 0.020 0.031 0.042 0.053 0.065
Table 4.5 is derived from Table 4.3, and lists the diﬀerences between the total proton
energies in each strip, based on its angle.
As an alternative, the reaction kinematics can be calculated and the energy losses
estimated using the “OCL SiRi Kinematics Calculator” [157]. This calculator can be used
for various particle types on diﬀerent targets. In order to estimate the energy losses, the
energy loss functions are used [158]. The nuclear masses are obtained from the AME2003
tables [159] and from the preview of the AME2013 Atomic Mass Evaluation [160]. The
total proton energies at diﬀerent angles were calculated using OCL, and are presented in
Table 4.6. The parameters for this calculation are target type, target thickness, nuclear
reaction, beam type and energy, the outgoing particle, scattering angle, ring number and
∆E detector thickness.
There is agreement between the two calculations of the total proton energies using the two
codes, which can be seen by comparing Table 4.4 and Table 4.6. The OCL calculations
only handle cases when the particle deposits energy in both detectors, the ∆E and E.
Protons exciting the Hoyle state only have a kinetic energy of 1.5 MeV and will be
stopped in the ∆E .
Given the excellent agreement between the two calculations, the results of the total
proton energies from the reaction kinematics were used to work out the energy calibration
for the particle detectors.
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Table 4.7: The energy deposited in a ∆E-E silicon detector telescope.
Target E∗ Etotal E ∆E
(MeV) (MeV) (MeV) (MeV)
12C 7.654 1.500 0 1.500
SiO2 6.276 3.566 0 3.566
12C 4.439 4.148 0 4.148
SiO2 4.980 4.765 0 4.765
SiO2 4.618 5.101 1.986 3.133
SiO2 1.779 7.748 5.569 2.179
12C 0.000 7.936 5.992 1.944
SiO2 0.000 9.415 7.488 1.927
The next step was to calculate the energies deposited in back detectors and the corre-
sponding events in the ∆E detectors. The energy deposited in a ∆E-E silicon detector
telescope was taken from the Relativistic Kinematics Calculation of the total proton
energies; see Table 4.7. The results of these calculations were used to perform the energy
calibration of the deposited energy in the ∆E and E detectors and to reconstruct the
∆E+E particles spectrum, will be discussed in the next chapter.
Chapter 5
Data analysis and Results
The purpose of this chapter is to describe the analysis techniques used and present the
results of our study. It is organized into four main sections. In the first part, the collected
data, the statistical treatment and mechanics of analysis are summarized. In the second
part, results obtained for the particle-gamma measurement are presented, including: the
identification of the single particles, the gamma-rays, the time diﬀerences derived from
the TDCs, and the extracted pγγ coincidences. The last part reports the main result of
this study: the obtained radiative width of the Hoyle state.
5.1 Introduction
To determine the radiative width of the Hoyle state, the Γrad/Γ ratio will first be
extracted from the ratio of the number of p(7.654-MeV)-γ(3.215-MeV)-γ(4.439-MeV)
triple-coincidence events relative to the p(7.654-MeV) singles proton events leading to
the excitation of the Hoyle state.
Before determining Γrad/Γ, the coincidence and singles events first need to be cor-
rected for the absolute eﬃciency of the system. A SiO2 + 12C target was used to provide
the absolute eﬃciency of the system from the 0+ → 2+ → 0+ cascade, 100% branch,
deexciting the 4.98-MeV state in 28Si. It provides a convenient and reliable normalizing
cascade, since the 4.98-MeV state has a cascade with the same angular correlation as
the decay of the 7.65-MeV state in 12C and for both cascades the first γ ray is isotropic
with respect to the beam direction. The γγ decay branch for the 4.98-MeV state in 28Si
is 100%. So there are comparable 0+→ 2+→ 0+ cascades: in 12C, the 7.65-MeV state
decays via two gamma-rays (3.215 MeV and 4.439 MeV) and in 28Si the 4.98-MeV state
decays via two gammas (3.20 MeV and 1.78 MeV).
Moreover, strong and well known transitions in 28Si belonging to the 3+→ 2+→
0+ cascade from the 3+ state at 6.28 MeV can also be used as a monitor cascade. Here,
28Si (6.28 MeV) decays via two gamma-rays (4.50 MeV and 1.78 MeV), and thus the
energy diﬀerence between the two cascading gamma (4.50 MeV and 1.78 MeV) is 2.72
MeV. Fig 5.1 compares the decay schemes for 12C and 28Si.
In evaluating the ratio of the radiative width of the Hoyle state to the total width, we
adapted the Obst and Braitwaite approach [1] (Eq. 11). The branching ratio for the
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Figure 5.1: The level scheme of 12C showing the two cascading gamma-rays from the Hoyle state
compared with similar cascades in 28Si.
7.65-MeV cascade in 12C can be obtained with the following equation:[
Γγ
Γ
]7.65
=
N7.65020
N7.65Singles × ϵ3.21 ×W 7.65020 × ϵ4.44
, (5.1)
where N7.65020 is the pγγ net coincidence yield for excitation of the Hoyle state, N
7.65
Singles is
the singles proton yield, ϵ3.21 is the absolute photopeak eﬃciency for the first γ-ray, W 7.65020
is the angular correlation of the second γ-ray with respect to the first γ-ray, and ϵ4.44 is
the absolute photopeak eﬃciency for the second γ-ray. The first γ-ray is isotropic with
respect to the beam direction. As mentioned earlier, the cascade gamma-rays from the
4.98-MeV state in 28Si have a branching ratio of one, so the Γγ/Γ ratio from this state
can be written as: [
Γγ
Γ
]4.98
=
N4.98020
N4.98Singles × ϵ3.20 ×W 4.98020 × ϵ1.78
= 1. (5.2)
Dividing Eqn. 5.1 by Eqn. 5.2, Eqn. 5.1 can be rewritten as follows:[
Γγ
Γ
]7.65
=
N7.65020
N4.98020
× N
4.98
Singles
N7.65Singles
× ϵ1.78
ϵ4.44
× ϵ3.20
ϵ3.21
× W
4.98
020
W 7.65020
. (5.3)
In the 1976 study by Obst and Braitwaite the proton group corresponding to the 0+2 state
at 4.98 MeV in 28Si could not be resolved in the C+Si target experiment. To normalise
the C and C+Si data together the proton group of the 6.28 MeV 3+ state in 28Si was
used. In our experiment the 4.98 MeV 28Si proton group is fully resolved and our analysis
was based on Eqn. 5.3. In comparing the proton spectra shown in Figures 5.18 and 5.20
with Fig. 2 of [1], it is evident that in our data less contamination is present.
In the next sections, methods for extracting each of the quantities in Eqn. 5.3 are outlined.
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5.2 Data analysis
To analyze the CACTUS and SiRi data obtained for the 12C(p, p′)12C reaction, a sorting
program had to be developed for oﬀ-line analysis. The essential features of the SiRiSort
code are as follows:
• The code was capable of sorting run files from a very large data set (150 GB).
• Projections were saved in the ANU DCP format for further analysis. A DCP spec-
trum file can hold up to 117 1D, 2D and 3D spectra in binary format. Most of the
analysis software used at ANU is designed to read DCP files.
• The code is capable of handling the CACTUS and SiRi setups which include 26 γ-
ray detectors, 64 particle detectors and 64×26 time diﬀerences between the scattered
protons and cascading gammas.
• The sorting program does not have any graphics output. The Fitek code [161] was
used to visualize and manipulate sorted 1D and 2D spectra.
• To sort a specific projection, an input file is created starting with the experimental
definition (see Appendix A). See Appendix B for an example input file.
• The experimental definition file is a fixed format file in the style of DCP, and has a
header, followed by coincidence groups with several ADCs in them. In the current
study, three diﬀerent ADC modules have been defined:
1. “both”: for singles and coincidences measurement (proton energy).
2. “coincidences”: used only for coincidences (NaI-E, Time).
3. “derived”: defined for the sorting procedure (i.e not used in the physical set-up)
• The code allows for the use of various sorting procedures (i.e. shift, scale, add,
subtract,...etc). These methods were developed to explore correlated events and
remove the background.
The data set taken with the SiO2 + 12C target was much smaller and cleaner, so it was
used to test the sorting procedure. The TDC and the trigger thresholds were defined
in the data acquisition system software, and determined which events were stored.
For all events, the proton energy signals as well as the timing signals from the front
detectors were stored. Fig 5.2 and Fig 5.3 show the raw time-diﬀerence spectrum and the
gamma-ray energy spectrum, respectively. The raw data show the overall distributions
for each detector (vertical axes).
From the raw data shown in Figs. 5.2 and 5.3, it was clear that there was a need to
adjust the channels for all 26 energy and time spectra to match the “gains”.
Therefore, the TDC data were shifted to line up their prompt peaks by gating on
the prompt peak of the Eγ = 4.439-MeV line in the γ-ray spectrum. Then, the prompt
peaks of the 1.78, 2.80, 5.67 and 6.91-MeV lines, along with the Full Width at Half
Maximum (FWHM) for each peak, were used to correct the time walk. The walk, which
arises due to diﬀerent signal rise times for diﬀerent energy deposits, and the leading edge
timing, was corrected using software.
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Figure 5.2: Raw data for the time diﬀerence. The main time peak for each detector is flanked
by smaller peaks at 71.9 ns intervals arising from the cyclotron repetition frequency.
Figure 5.3: Raw data for the gamma-ray energy spectrum with energy range up to 18 MeV.
The time diﬀerences were corrected using the TWALK command, which parame-
terizes the walk as a function of gamma-ray energy.
t(ch) = 2.1161× 10+2 − 8.7846× 10−2x+ 2.3021× 10−4x2 − 2.5343× 10−7x3. (5.4)
The TWALK function form is presented in Fig 5.4. Note that all input parameters are
in channels. The TDC time diﬀerence is between protons and gamma-rays; however, the
time walk is mainly due to the performance of the gamma-ray detector [144]. Details are
in section 5.5.
During the data analysis it also became clear that there was an issue with the interpretation
of the data from the E and ∆E detectors. Fig 5.5 and Fig 5.6 show the raw spectrum
of the thick back and the thin front detectors. Because not all protons deposit energy
both in the front ∆E (130 µm) detector and in the back E(1550 µm) detector, events can
exhibit several hit patterns.
§5.2 Data analysis 59
 190
 195
 200
 205
 210
 215
 220
 225
 230
 50  100  150  200  250  300  350  400  450
Na
I t
im
e 
[ch
]
NaI energy [ch]
TWALK - time walk
2.80 MeV
4.44 MeV
6.91 MeV
5.67 MeV
Figure 5.4: Time walk correction.
Figure 5.5: Raw data from the back (E) detectors.
• Only the ∆E detector has fired (i.e low energy protons).
• Both ∆E and E detectors have fired (high energy protons).
• Only the E detector has fired (considered an invalid proton event).
The E detectors cover a wide angle region (see Fig 4.6); therefore, they will detect
scattered protons with a range of energies (due to kinematics) as well as possibly having
diﬀerent gains. To combine ∆E and E signals two corrections had to be made. First, All
∆E and E spectra were gain adjusted by scaling the raw data.
Typically, several detectors are hit by diﬀerent particles and the information describing
those hits is stored as a single event in the data file. In the oﬄine analysis the position and
energy of the measured proton particles can be identified. To adjust the peak positions
based on the total proton energies (discussed earlier in section 4.2), each E spectrum
was gated by the eight front detectors, e.g. E1 was gated by ∆E1, ∆E2,......∆E8 and
so on. At this stage 64 E spectra and 64 ∆E spectra were defined. Second, the energy
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Figure 5.6: Raw data from the front (∆E) detectors.
 0
 10000
 20000
 30000
 40000
 50000
 60000
 1  2  3  4  5  6  7  8  9  10
10.7 MeV p on SiO2+
12C
c o
u
n
t s
E + ∆E particle energy [MeV]
E01 + ∆E01
E01 + ∆E02
E01 + ∆E03
E01 + ∆E04
E01 + ∆E05
E01 + ∆E06
E01 + ∆E07
E01 + ∆E08
Figure 5.7: Gain-matched ∆E+E singles spectra showing one trapezium from the SiO2 +12C
data.
§5.2 Data analysis 61
 500000
 1x106
 1.5x106
 2x106
 2.5x106
 3x106
 3.5x106
 4x106
 4.5x106
 1  2  3  4  5  6  7  8  9  10
10.7 MeV p on 12C
c o
u
n
t s
∆E particle energy [MeV]
∆E-01
∆E-02
∆E-03
∆E-04
∆E-05
∆E-06
∆E-07
∆E-08
Figure 5.8: Singles proton spectra after gain matching for eight ∆E detectors for one trapezium
from the 12C data.
calibration was performed using the Monte Carlo calculation of the deposited energy in
the ∆E and E detectors. First, the ∆E spectra were gain-adjusted using the 1.5-MeV
(Hoyle state) and the 4.2-MeV (4.439-MeV) proton peaks in 12C. In the second step, the
E spectra were scaled using the 5.6 MeV (1.78 MeV) and the 7.5-MeV proton group in
the SiO2 + 12C measurements. The next step was to add the two spectra together to
have a reasonable ∆E+E full energy spectrum. Fig 5.7 shows one trapezium (i.e. E1
thick detector plus ∆E1.....∆E8) after it was examined post-gain matching. It is evident
that all the peaks are lined up. This analysis was performed twice for all 64 detectors for
the SiO2 + 12C data and was then carried out for the 12C data separately. The results of
these procedures are shown in Fig. 5.8, Fig. 5.9 and Fig. 5.10. These figures also confirm
that the number of counts from the first ∆E detector in each trapezium increases relative
to the number of counts from the last ∆E detector as the projection angle increases, as
expected. It was also noted that some ∆E detectors have a low energy peak produced by
noise (see ∆E08 in Fig. 5.7).
Fig. 5.11 and Fig. 5.12 show the raw E data that also have corresponding events in the
∆E spectra. The spectra show the energy loss in the thin detector ∆E against the energy
deposited in the E detectors for all 64 detectors. This relation helps to identify how
energy is shared between the front and the back detectors. They also show random or
irregular events. Events forming horizontal and vertical lines can attributed to random
pileup. Based on the Monte Carlo simulations, the valid E-∆E events are expected to be
located along curves specific to the detected particles. To exclude the nonphysical events,
a banana gate was created based on the simulations and the observed E-∆E data.
The observed relation between ∆E and E energies is governed by the energy loss of the
protons in both the target and the SiRi detectors. Several Monte Carlo simulations
using the SRIM code [132] were used to calculate the deposited energy in the ∆E and E
detectors, as discussed in chapter 4.2.
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Figure 5.9: Gain-matched E singles spectra showing one trapezium from the 12C data.
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Figure 5.11: Raw E vs. ∆E events from the SiO2 +12C data.
Figure 5.12: Raw E vs. ∆E events from the 12C data.
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Figure 5.13: Data points (red dots) and fitted curve (dashed green line) used to define the banana
gate. E vs. ∆E data points from the current experiment are labelled by their excitation energies.
Table 5.1 compares deposited energies using a 140-µg/cm2 and a 70-µg/cm2 SiO2 target. In
all calculations, the ∆E and E detector thickness were 130 µm and 1550 µm, respectively.
Columns 2 and 3 contain the ∆E and E energy deposits for the 140-µg/cm2 target, and
columns 4 and 5 for the 70-µg/cm2 target. The last column gives the energy of the selected
proton groups in the E detector data obtained by adding the 64 spectra together. Efit is
the energy calculated from the peak position and energy calibration described above. The
overall agreement is around 100 to 400 keV. The relation between ∆E and E detectors
was approximated with a fourth-order polynomial equation:
∆E = 3.9946× 10+3 − 5.2425× 10−1E + 4.3504× 10−5E2 − 1.2845× 10−9E3, (5.5)
where E and ∆E are in channels. It was obtained from a fit of pairs of E vs. ∆E data
from the present data set and is shown in Fig 5.13. An empirical width of 650-keV was
used as a gate in the ∆E direction to include all valid E vs. ∆E events.
The E vs. ∆E matrices for the SiO2 + 12C and 12C data are given in Fig. 5.14 and
Fig. 5.15; they are presented as two dimensional plots. The two solid lines, 650 keV apart
in the ∆E direction, represent the region of valid events. The bottom panel of the figure
shows the matrices after this kinematic cut based on the banana gate. It is evident that
the same gate can be used for both data sets. It is also evident that some of the events
with partial energy deposition in the E or ∆E detectors could not be removed with the
selected gate; however, the banana gate significantly improved the quality of the data.
This gate is purposely conservative in order to avoid excluding valid events. Subsequent
gate will be used to remove the remaining events with particle energy deposition in E and
∆E.
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Figure 5.14: Top: E vs. ∆E matrix. Bottom: The same plot after the nonphysical events have
been removed (SiO2 +12C target) using the banana gate. The horizontal and vertical lines that
remain visible are due to incomplete energy deposition and incomplete charge collection.
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5.3 Particle detection
5.3.1 SiO2 + 12C
Using the SiRiSort code, it is possible to create separate spectra representing the various
scenarios of particle detections (see Section 5.2); these are shown in Fig 5.16. The sharp
peaks in Fig 5.16 panel (a) correspond to protons fully stopped in the front ∆E detector.
In addition, the energy loss peak is evident around 2 MeV; these protons will be fully
stopped in the E detectors. A clean ∆E spectrum is shown in panel (b), which contains
proton events fully stopped in the ∆E detectors. The ∆E clean spectrum was obtained
by subtracting ∆E events which are in coincidence with the E detector from spectrum
(a). All the remaining lines can be identified as the 6.28, 4.98, 4.62-MeV states in 28Si.
The third spectrum, panel (c), shows the E energy spectrum gated by ∆E. The positions
of the lines show the values of the deposited energies that should be added to the energy
loss to get the total energy. Moreover, the last spectrum, panel (d), shows the total
spectrum obtained by adding the two detector signals together (∆E +E). The spectra in
Fig 5.16 are the total projections for all 64 ∆E and E detectors after gain matching.
The energy required for a particle to punch-through a 130-µm silicon detector is ≈4.5
MeV, taking into account the target thickness. The peaks up to about 4.5 MeV are
therefore from the thin ∆E detectors; the higher energy lines are from the ∆E+E summed
coincidences. If one of the back E detectors has triggered, it is expected that one of the
front detectors should have been hit by the same charged particle. Therefore, events
when only the E detector triggered were excluded.
For the low-energy spectrum up to around 4.5 MeV, the resolution is better (for the ∆E
detectors) than for the high energy region (E detectors). This can be attributed to the
statistical straggling eﬀects through the E and the ∆E detectors. For example, events
depositing energy in both the ∆E and the E detectors have to go through 3 detector
entrance/exit layers instead of one.
Fig 5.17 shows three proton spectra gated by diﬀerent sets of gamma-rays and the time
diﬀerence. Spectrum (a) is gated by the 4.5 MeV and 1.78 MeV cascading γ-rays from
the 6.28-MeV excited state (Ep = 3.6 MeV) in 28Si. It shows a peak associated with
exciting the 6.28-MeV state in 28Si. The peak that corresponds to the 1.78-MeV state in
28Si appears very weak compared to the singles spectrum in Fig 5.18. Spectrum (b) is
gated by 3.20-MeV and 1.78-MeV cascading γ-rays from the 4.98-MeV excited state (Ep
= 4.8 MeV). Spectrum (c) is gated by 2.84-MeV and 1.78-MeV cascading γ-rays from
the 4.62-MeV excited state (Ep = 5.1 MeV). A group of counts appears at around 7.8
MeV, which corresponds to the inelastically scattered protons from th 1.78-MeV state.
These protons are in coincidence with the 1.78 MeV gamma-rays and their presence in
the projections most likely can be attributed to chance coincidence.
Using the banana gate, described in section 5.2, it was possible to remove almost all
events which could be considered artefacts in the ∆E-E matrix. The final total proton
energy spectrum is shown in Fig 5.18. The spectrum looks very clean and the critical lines
are well separated and have the correct energies. There was noise in the low energy region
around 0.9-MeV, which is well separated from the peak around 1.5 MeV corresponding
§5.3 Particle detection 69
 500000
 1e+006
 1.5e+006
 2e+006
 2.5e+006
 0  2  4  6  8  10
C o
u n
t s
Proton energy[MeV]
(a) ∆E total
10.7 MeV p on SiO2 +
12C 
 5000
 10000
 15000
 20000
 25000
 0  2  4  6  8  10
C o
u n
t s
E[MeV]
(b) ∆E clean  
 5000
 10000
 15000
 20000
 25000
 0  2  4  6  8  10
C o
u n
t s
Proton energy [MeV]
(c) E gated by ∆E
 400000
 800000
 1.2e+006
 1.6e+006
 2e+006
 2.4e+006
 1  2  3  4  5  6  7  8  9  10
C o
u n
t s
Proton energy [MeV]
(d) E+∆E
Figure 5.16: Total ∆E-E proton energy spectra. Panel (a) events deposited energy in the front
∆E detector, panel (b) events that deposited the whole energy in the front detector (clean ∆E),
(c) events deposited energy in the ∆E detectors and stopped in the back E detector, and (d) the
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Figure 5.18: ∆E+E proton energy spectrum.
to the Hoyle state (E∗ = 7.65 MeV) in 12C. The peak at 3.6 MeV corresponds to the
fourth-excited state in 28Si (E∗ = 6.28 MeV), and the peak at 4.2 MeV corresponds to
the first-excited state in 12C (E∗ = 4.439 MeV).
In the same low-energy region some peaks have been identified as products from excited
states in 16O. Proton groups from the 13C states at 3.68-MeV and 3.85-MeV excitation
energies are unresolved from the 4.98-MeV excitation energy in 28Si. The proton energy
(4.80 MeV) from the 4.98-MeV excited state in 28Si is almost overlapping with the
proton energy (4.81 MeV) from the 3.68-MeV excited state in 13C; however, that would
not aﬀect the pγγ coincidence projection, since the subsequent gamma-rays from this
state are very weak and easily eliminated by the gamma-sum energy gate, which will be
described below. The four prominent peaks in the high-energy spectrum correspond to
the first-excited state in 28Si (1.78 MeV), the ground state in 12C, the ground state in
16O, and the ground state in 28Si, respectively.
5.3.2 12C
The same sorting procedure was used for the 12C data. The prominent peaks in Fig 5.19,
panel (a), correspond to both the energies for protons that punched through the front ∆E
detectors (at 2 MeV) and for those that were fully stopped in the ∆E detector.
A clean ∆E spectrum (panel b) was created in order to project out just the energies of
protons which fully stopped in the ∆E detector. The third spectrum, panel (c), shows the
E energy spectrum gated by ∆E. The last spectrum, panel (d), shows the total spectrum
obtained by adding the two detector signals together (∆E +E).
The spectra in Fig 5.19 are the total projections for all 64 ∆E and 64 E detectors after
gain matching, where the first three spectra have been checked and compared to the total
projection on the bottom.
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Figure 5.19: Proton energy spectra from the complete data set. Panel (a) events that deposited
any energy in the front ∆E detectors, panel (b) events that deposited their whole energy in the
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Figure 5.20: ∆E+E spectra of the 12C(p, p′)12C reaction measured at a beam energy of Ep =
10.7 MeV.
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Figure 5.21: Total proton spectra gated by 3.215-MeV and 4.439-MeV gamma-rays as well as a
prompt gate on the proton-gamma time diﬀerences. An appropriate gate (Bg) has been used to
remove the random events.
Fig 5.20 illustrates the total projected particle spectrum that has three prominent
transitions with well-known energies distributed over the excitation region of interest.
The peaks at 1.5 MeV and 4.2 MeV can be attributed to the excitations of the 7.65-MeV
and 4.439-MeV states in 12C. The third peak, at around 8.1 MeV, is produced by elastic
scattering in the target.
Fig 5.21 shows the particle spectrum gated by the 3.215-MeV and 4.439-MeV transitions,
corresponding to the cascading γ-rays from the 7.65-MeV excited state (Ep = 1.5 MeV).
In addition a prompt time (-17 to -2 ns) and a background (-92 to -77 ns) gate were used
for this projection. The proton peak corresponding to the excitation of the Hoyle state
contains around 300 counts. The regions around 4 MeV and 7 to 8 MeV also contains
a few events; -29 and 37 counts, respectively. These two regions are the artefact of
the subtraction of very large proton peaks from the excitation of the 4.4 MeV 2+ state
and the elastic scattering peak (see Fig 5.20). This spectrum is indicative of the sig-
nificant challenge this measurement presented; it is not representative of the final analysis.
The widths of the three peaks are dominated by the detector resolution and by
the relative angles between the ∆E detectors in each trapezium. To subtract random
events under the 1.5 MeV proton peak an energy range of 240 keV, the same width as
for the prompt peak, was used.
The events in which the Hoyle state decays by the two cascade gamma-rays is the main
focus of this study. In comparing the particle spectrum shown in Fig 5.20 with the results
of Obst and Braithwaite [1], it is evident that the energy resolution of the present study
is much better. The ratio of the peaks corresponding to the 7.65-MeV, 4.439-MeV and
ground states compared to the whole singles spectrum were obtained directly from the
spectrum shown in Fig 5.20 and are listed in Table 5.2.
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Table 5.2: The singles proton rate of the first two excited states and the ground state in 12C,
Ep=10.7 MeV.
State Counts Ratio to the whole spectrum
7.65-MeV 2.55(2%)E+8 0.0427(8)
4.44-MeV 1.19(2%)E+9 0.199(4)
Ground state 2.57(2%)E+9 0.431(8)
Whole spectrum 5.97E+9
5.4 Gamma-ray detection
5.4.1 SiO2 + 12C
Once the particle detectors had been gain matched and the particle spectra understood,
the next step in the analysis was to identify γ-rays in the spectra from both targets. First,
the 26 γ-ray spectra were corrected for Doppler shift and for diﬀerences in their energy
calibration, referred to here as gain matching . Then, the γ-rays detected by CACTUS
were filtered in the oﬀ-line analysis to select only those γ-rays which are in coincidence
with the respective reaction of interest. This was achieved by using the time diﬀerences
between particle detection in the ∆E detector and the γ-ray detection in CACTUS.
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Figure 5.23: Proton and TDC gated gamma sum-energy spectra, (a) gated by protons with Ep
= 3.61 MeV (E∗ = 6.28 MeV used as a monitor cascade), (b) gated by protons with Ep = 4.80
MeV (E∗ = 4.98 MeV) and (c) gated by protons with Ep = 5.13 MeV proton group (E∗ = 4.62
MeV).
The total projection of the γ-ray spectrum is shown in Fig 5.22 in blue. The 4.439-MeV
line of 12C and its single escape peak are clearly visible. The strongest transition is the
1.78-MeV in SiO2 as most of the higher states in 28Si cascade through the 1.78-MeV
state. γ-rays gated by proton group (4.8 MeV) are in red and the spectrum gated by the
prompt time peak and proton group is in black. The green spectrum is gated by prompt
time, proton group and gamma-sum energy. The gamma-sum energy includes γ-rays
whose sum energy was 1.78 + 3.20 = 4.98 MeV. The width of the sum-energy gate was
set using the adopted CHM of the γ-ray detection (see Subsection 5.4.3).
The eﬀects of all gates were tested individually and together. It was found that a
gamma-sum energy gate was needed to produce a clear pγγ spectrum. For example, the
two cascade gamma-rays, 1.78-MeV and 3.20-MeV, from the 4.98-MeV excited states in
28Si (marked in Fig 5.22), have a sum gate of 4.98 MeV. The width of these gates was
also determined from the adopted CHM of the NaI detectors.
Twenty six γ-ray spectra for the two targets were gated by the appropriate proton gates
and the prompt time peak. The 6.28-MeV, 4.98-MeV and 4.62-MeV peaks are indicated.
An illustration of the sum-energy γ-ray spectra gated by various proton groups is given in
Fig 5.23. Panel (a) is the γ-sum energy spectrum gated by the Ep = 3.61-MeV proton gate
(E∗ = 6.28 MeV), which shows a strong peak at 6.28 MeV. In the same way, the γ-sum
energy spectrum gated by Ep = 4.80-MeV proton gate (E∗ = 4.98 MeV) is in panel (b),
and that gated by Ep = 5.13 MeV proton gate (E∗ = 4.62 MeV) in panel (c). These spectra
show strong peaks at 4.62 MeV, 4.98 MeV and 6.28 MeV, respectively. Fig 5.24 shows the
summed energies gated by the same gates in Fig 5.23, but an extra gate derived from the
energy diﬀerence of the cascading γ-rays was used. The γ energy diﬀerence spectra gated
by the proton groups, the summed energy and the time diﬀerence, are shown in Fig 5.25.
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Figure 5.24: Gamma-ray spectra gated by the two full energy peaks and the TDC, panel(a) gated
by protons with Ep = 3.61 MeV and the diﬀerence of the 1.78-MeV and 4.5-MeV γ-rays, (b) gated
by protons with Ep = 4.80 MeV and the diﬀerence of the 1.78-MeV and 3.2-MeV γ-rays and (c)
gated by protons with Ep = 5.13 MeV and the diﬀerence of the 1.78-MeV and 2.8-MeV γ-rays.
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Figure 5.25: Gamma energy spectra gated by the two full energy peaks and the TDC, (a) gated
by protons with Ep = 3.61-MeV group, 1.78-MeV and 4.5-MeV γ-rays, (b) gated by the Ep =
4.80-MeV and 1.78-MeV and 3.2-MeV γ-rays and (c) gated by Ep = 5.13-MeV and 1.78-MeV and
2.8-MeV γ-rays.
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5.4.2 12C
The total projection of the gamma-ray spectrum is shown in Fig 5.26 (blue curve).
The number of counts in the total projection is 5.959E+8. The spectrum is dominated
by the well-known (4.439 MeV) transition in 12C. The 3.215-MeV peak is just below
the double escape peak of the 4.439-MeV line in 12C. Fig 5.26 shows the complete
γ-ray spectrum from all 26 γ-ray detectors, compared with the same spectrum using
diﬀerent gates. The time prompt gate produces only the valid events, while the additional
use of the proton gate helps to produce the pγγ coincidence events in the region of interest.
In the γ-sum energy spectrum, Fig 5.27 (top), there is a peak at the expected position
of 7.65 MeV; the same plot using a gate from the diﬀerence spectrum makes the peak
more visible (bottom). The peak at 7.65 MeV can be attributed to the transition of the
3.215-MeV and 4.439-MeV cascade gamma-ray decay of the 7.65-MeV (Hoyle state) level
in 12C. This 7.65-MeV sum peak in Obst and Braithwaite’s work could not be seen, (see
Fig 10 in [1]). Those authors stated that it is a hindered transition and only its position
was indicated.
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Figure 5.26: Gamma-ray spectra from bombarding of 12C target with 10.7-MeV protons. The
spectra were obtained under diﬀerent gating conditions. Green: γ-ray spectrum gated by the
prompt time gate; black: gated by the Ep = 1.5 MeV proton group; red spectrum gated by the
prompt time + the proton group with Ep = 1.5 MeV + γ sum energy gates .
Fig 5.28 shows the γ energy diﬀerence spectrum, which has two peaks at +1.2 MeV
and at -1.2 MeV energies. This projection was made using gates on the proton energy,
summed γ-ray energy and time diﬀerence. Compared to Fig 5.25 the branching ratio is
2500 times larger than the case in Fig 5.28.
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Figure 5.27: Proton-gated summed gamma energy spectra. (a) gated by Ep = 1.5 MeV and the
TDC prompt, (b) gated by the Ep = 1.5-MeV group, and 3.215-MeV and 4.439-MeV gamma-rays,
and the TDC and gamma energy diﬀerence .
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Figure 5.28: Gamma energy diﬀerence spectra gated by Ep = 1.5 MeV protons, 3.215-MeV and
4.439-MeV gamma rays, and the TDC.
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5.4.3 The photo peak eﬃciency of the CACTUS array
The photopeak eﬃciency of the CACTUS array was determined from a series of Penelope
simulations [162] by Tamas Tornyi (ANU). Penelope is a Monte Carlo ray-tracing
transport code for electrons, positrons and photons. The geometry of CACTUS used
for these simulations is shown in Fig 5.29. The NaI crystal, the lead collimator and the
thin lead shield around the crystal are included. Fig 5.30 shows the experimental spectra
(blue curve) in comparison with the simulations for an incident photon energy of 4.497
MeV (in green). It also shows a comparison with a simulated spectrum that takes into
account the empirical CHM for the NaI detector (in red). The simulations also show that
some of the escaping annihilation photons deposit part of their energy in the detector.
This explains the observed counts above the escape peak in the measured spectrum.
Figure 5.29: 3D model of the CACTUS array.
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Figure 5.30: Measured (blue line) and simulated (green) spectra for the 4.497-MeV photons in
the CACTUS array. An experimental CHM of 200-keV was folded into the simulated spectrum
(red) to match experiment.
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Table 5.3: CACTUS eﬃciencies
Eγ (keV) CHM(keV) EﬀTot Photo Compton Single Double Annih
280 37 0.774 0.7398 0.2602 0.0000 0.0000 0.0000
560 62 0.865 0.6263 0.3737 0.0000 0.0000 0.0000
840 74 0.933 0.5716 0.4284 0.0000 0.0000 0.0000
1120 84 0.977 0.4845 0.5106 0.0049 0.0000 0.0000
1400 94 0.994 0.4258 0.5642 0.0082 0.0000 0.0017
1680 106 1.005 0.3851 0.5999 0.0103 0.0000 0.0048
1960 118 1.014 0.3565 0.6219 0.0131 0.0000 0.0085
2240 130 1.020 0.3292 0.6421 0.0162 0.0000 0.0125
2520 140 1.025 0.2993 0.6651 0.0192 0.0000 0.0164
2800 149 1.031 0.2701 0.6874 0.0222 0.0000 0.0203
3080 160 1.036 0.2516 0.6896 0.0323 0.0067 0.0198
3360 169 1.039 0.2353 0.6941 0.0361 0.0074 0.0270
3640 178 1.041 0.2185 0.6993 0.0397 0.0079 0.0345
3920 186 1.044 0.2014 0.7050 0.0433 0.0084 0.0419
4200 193 1.047 0.1839 0.7113 0.0467 0.0089 0.0492
4480 200 1.050 0.1666 0.7173 0.0501 0.0094 0.0565
4760 206 1.053 0.1603 0.7252 0.0521 0.0092 0.0533
5040 213 1.055 0.1545 0.7335 0.0539 0.0089 0.0493
5320 218 1.057 0.1490 0.7413 0.0558 0.0086 0.0454
5600 223 1.059 0.1433 0.7493 0.0576 0.0084 0.0414
5880 227 1.062 0.1373 0.7579 0.0593 0.0081 0.0374
6160 231 1.064 0.1318 0.7656 0.0607 0.0079 0.0341
6440 240 1.066 0.1287 0.7683 0.0585 0.0081 0.0364
6720 249 1.068 0.1253 0.7714 0.0562 0.0084 0.0387
7000 257 1.070 0.1221 0.7743 0.0539 0.0087 0.0410
7280 266 1.071 0.1188 0.7773 0.0517 0.0089 0.0433
7560 274 1.072 0.1154 0.7804 0.0494 0.0092 0.0456
7840 283 1.073 0.1120 0.7837 0.0470 0.0095 0.0479
8120 291 1.074 0.1085 0.7870 0.0446 0.0097 0.0502
8400 299 1.075 0.1049 0.7905 0.0423 0.0100 0.0524
8680 307 1.076 0.1013 0.7940 0.0399 0.0102 0.0546
8960 315 1.077 0.0977 0.7977 0.0374 0.0105 0.0567
9240 322 1.077 0.0941 0.8011 0.0351 0.0107 0.0590
9520 330 1.078 0.0906 0.8046 0.0327 0.0110 0.0612
9800 337 1.079 0.0871 0.8080 0.0303 0.0112 0.0634
10080 344 1.080 0.0847 0.8106 0.0299 0.0113 0.0634
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Figure 5.31: CACTUS eﬃciency - Penelope Simulation (Tamas Tornyi, ANU, 2015).
The detailed results on the CACTUS response to photons are presented in Fig 5.31. The
photopeak eﬃciency obtained from the simulations was used to determine ϵ1.78ϵ4.44 ∗ ϵ3.20ϵ3.21 ,
which was used to extract the ratio of the radiative width to the total width for the
Hoyle state, see Eq. 5.6. The CACTUS eﬃciency for diﬀerent contributions (photopeak,
Compton, single and double escape peaks and the annihilation) of the gamma spectra
are listed in Table 5.3. The CHM of the CACTUS array is based on data received from
Prof. Magne Guttormsen [163] (University of Oslo). Those eﬃciencies are based on
various on-line reactions, diﬀerent targets and diﬀerent energies so it was not possible to
normalise them to the simulated points.
5.5 Time diﬀerences from the TDC data
The TDC gives the time diﬀerences between the ∆E detector and individual γ-detectors.
To extract true pγγ coincidences, the time diﬀerences between particles and gamma-ray
events needed to be examined. Note that the time diﬀerences are actually between the
detection of a proton in SiRi, which provides the start signal, and the detection of the
first gamma ray in CACTUS, which provides the stop signal.
As mentioned earlier, the time diﬀerences were corrected using the TWALK command
in two steps. The first step was to align the prompt peaks for the 26 TDCs using the
Eγ(4.439-MeV) line position for calibration.
The cyclotron was operated at 13.9 MHz frequency, so the beam has a time structure
which aﬀects the random coincidence rate: it is higher during a beam burst. The peaks re-
peated every 71.9 ns in the time diﬀerence spectrum correspond to the cyclotron frequency.
The time diﬀerences between particles and photons presented a second challenge
which became evident during the sorting. The TDC spectrum from the SiO2 + 12C
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Figure 5.32: Proton-gamma time diﬀerences gated by Ep = 4.8-MeV (SiO2 + 12C). The small
peaks are from the cyclotron, which was operated at 13.9 MHz frequency.
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Figure 5.33: Proton-gamma time diﬀerences gated by Ep = 1.5 proton group corresponding to
the excitation of the 7.654-MeV state in 12C.
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Figure 5.34: Fit to the time diﬀerence spectrum gated by protons, gamma-sum and gamma-
diﬀerence energies in 12C.
data, gated by the proton group from the 4.98-MeV 0+ state, is shown in Fig 5.32.
It shows a strong and sharp peak in the region of [-17 ns : 17 ns] and no sign of
a double peak. On the other hand, the same projection from the 12C data, gated
by the proton group from the 7.65-MeV 0+ state, (see Fig 5.33) shows two peaks in
the same region [-17 ns : 17 ns], identified as two peaks at [-17 ns : -2 ns] and [0 ns : 17 ns].
More tests were done using the gamma-sum and the gamma energy diﬀerence gates along
with the proton gate (from the 7.65 MeV proton group) and the banana gate on the
time-diﬀerence spectrum, which showed that the two gates are partially overlapping, see
Fig 5.34 and Fig 5.35. The same set of gates was used with appropriate proton gate
(from the 4.98 MeV proton group)to produce the TDC spectrum in 28SiO2+ 12C data in
Fig 5.36. This data set shows one sharp peak overlapping with gate 1. The CHM of the
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Figure 5.35: Time diﬀerence spectrum gated by protons, gamma-sum and gamma-diﬀerence
energies from the 12C measurement.
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Figure 5.36: Time diﬀerence spectrum gated by protons, gamma-sum and gamma-diﬀerence
energies from the SiO2 +12C measurement.
prompt peak in Fig 5.36 was ≈10 ns.
The arrows indicate the position of the peaks separated by 71.9 ns, which are related to
the cyclotron frequency. They overlap with some of the peaks in Fig 5.35 and Fig 5.36.
There is a second peak, labelled as gate 2, in the 12C TDC spectrum (Fig 5.35), which
appears in the [0 ns : 17 ns] region. On the other hand there is no indication of this
second peak in the Si data shown in Fig 5.36.
Further analysis has done to understand the origin of the two peaks in Fig 5.35 and to
test the 26 TDC spectra individually. More than 1600 projections for each TDC, gated
by the 64 particle detectors were tested, and all of them showed results consistent with
Fig 5.32 and Fig 5.33. The next step was to identify the “real” prompt gate by gating
on the two peaks [-17 ns : -2 ns] and [0 ns : 17 ns]. Fig 5.37 shows one of the cases
used to test the two gates on the pγγ spectrum from the 4.98-MeV 0+ state using the
SiO2 + 12C data. It is a projection of the two dimensional TDC-γ matrix gated by
the two prompt time peaks. It is evident from the figure that the [0 ns : 17 ns] gate
is the real prompt gate and should be used to analyze the data with the SiO2 + 12C target.
The same procedure was used for 12C data and it produced a more ambiguous result,
as shown in Fig 5.38. Using gate 1 and 2 (Fig 5.35) the two spectra almost have the
same count rates. The main diﬀerence is in the shape of the 3.215-MeV peak. While it
is well defined using the prompt gate 1 of [-17 ns : -2 ns], using gate 2 [0 ns : 17 ns] the
corresponding spectrum around 3.251 MeV energy does not have the right shape. More
likely its shape indicates that it was produced by background events in coincidence with
the full energy peak of the 4.439 MeV photons. It is important to note that in both cases
the correct TDC gate is aligned with the frequency of the beam bursts.
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To conclude, the true coincidences in the 28SiO2+ 12C data are the peak at [0 ns : 17 ns]
and for the 12C data the true coincidences are found in the peak at [-17 ns : -2 ns]. To
determine the background, the [-148 ns : -131 ns] region was used for the 28SiO2+ 12C
data and the [-92 ns : -77 ns] region for the 12C data.
The final pγγ spectrum is shown in the next section.
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Figure 5.37: Projection of the two dimensional TDC-γ matrix gated by protons and two diﬀerent
time prompt gates for SiO2 + 12C.
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Figure 5.38: Projection of the two dimensional TDC-γ matrix gated by protons and two diﬀerent
prompt time gates for 12C.
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5.6 Proton-γγ coincidences
In order to obtain the pγγ coincidences, four sets of gates were employed:
• Ep: the energy region of the proton group of interest, which is in coincidence with
the cascade gamma-rays.
• Eγi + Eγj , the region of the subsequent summed γ energy spectrum was selected
to include γ-rays whose sum energies are equal, (Ei+Ej = 7.65 MeV).This gate
eliminates the escape peak.
• ∆T (Eγ Ep), the time diﬀerence between protons and gamma-rays.
• Eγi - Eγj , the region of the subsequent γ energy diﬀerence between the two cascading
gamma-rays.
After gating on the particle energy and on the prompt time peak, we are left with the
particle-γγ coincidence events. Coincidences were taken between the proton and two
cascading gamma-rays with a time resolution of ≈ 10 nsec.
The intensities for the particle-γγ coincidence events were evaluated from the total
projection of the γ-γ matrices gated by the proton group. Proton-gamma-gamma
coincidence matrices were created for: the 6.28-MeV, 4.98-MeV and 4.62-MeV excitation
energies in 28Si.
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Figure 5.39: γγ coincidence matrix gated by protons exciting the 6.28-MeV state, TDC, γ energy
diﬀerence and γ summed energy in 28Si in the lower panel. A total projection of the matrix is
shown in the upper panel.
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Figure 5.40: γγ coincidence matrix gated by protons exciting the 4.98-MeV state, TDC, γ energy
diﬀerence and γ summed energy in 28Si in the lower panel. A total projection of the matrix is
shown in the upper panel.
The corresponding set of gates have been used to create the pγγ coincidence matrix for
12C; using the 7.65-MeV proton group, the summed γ-ray energy, and the time diﬀerence
between protons and γ-rays. Random and background events were subtracted by using
equivalent gates on the TDC and proton energy.
The γγ matrices for the γ-ray energy sums of 6.28 MeV, 4.98 MeV, 4.62 MeV (in 28Si)
and 7.65 MeV (in 12C) for the cascade pairs are shown in Fig. 5.39, Fig. 5.40, Fig. 5.41
and Fig. 5.42, respectively. Two strong peaks at 1.78 MeV and 4.5 MeV are shown in
Fig. 5.39, corresponding to the cascade gamma-rays from de-excitation of the 6.28-MeV
state in 28Si. γ components at 1.78 MeV and 3.20 MeV are seen in Fig. 5.40 for the
4.98-MeV state cascade in 28Si. The 4.62-MeV cascade is very similar in appearance with
the two peaks at 1.78 MeV and 2.84 MeV, as shown in Fig. 5.41.
The proton-γγ coincidence matrix for the 7.65-MeV transition (Hoyle state) is shown in
Fig. 5.42 and Fig. 5.43. Because of the weakness of the 3.215-MeV transition, resulting
from the fact that the Hoyle state decays mostly by α emission, the number of observed
coincidences is very low compared to the 28Si data.
Around one thousand counts are observed, compared to around 6 billion events in the
singles particle spectrum in 12C; the 3.215-MeV peak has 526 counts and the 4.439-peak
has 548 counts. One hundred percent of the gamma decay proceeds as a cascade through
the first-excited state to the ground state.
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Figure 5.41: γγ coincidence matrix gated by protons exciting the 4.62-MeV state, TDC, γ
energy diﬀerence and γ summed energy in 28Si in the lower panel. A total projection of the matrix
is shown in the upper panel.
To produce the pγγ coincidence spectra, a number of gates were used and the backgrounds
were subtracted. All gates are shown in Figs 5.44, 5.45, 5.46 and 5.47. All combinations
of the gates were tested individually and together, and to avoid the random events the
background was subtracted from the time and particle gates. The energy resolution
and the presence of the single and the double escape peaks made it impossible to find a
suitable energy range in the γ-ray spectrum to subtract background events.
Fig 5.48 shows the particle spectrum gated by the gamma-sum and the gamma energy
diﬀerence gates, in addition to the prompt time gate. It is evident from the figure that
the proton peak used to produce the pγγ spectrum is very clean and has a low background.
Fig 5.49 shows the summed-gamma energy spectrum gated by Ep = 1.5 MeV protons
and the TDC diﬀerence. The gate on the gamma-ray energy diﬀerence was omitted from
this projection, allowing the true line shape and background of the summed gamma-ray
energy at 7.654 MeV to show. The fit to this peak, using a Gaussian line shape and a
polynomial background gives 529(23) counts. In comparison, from the total projection of
the proton gated γγ matrix (Fig 5.42), shown in Fig 5.43, the peak areas are 526 and 548
counts for the 3.215 MeV and 4.439 MeV peaks, respectively. These peak areas overlap
with the adopted pγγ rate.
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Figure 5.42: γγ coincidence matrix gated by protons exciting the 7.65-MeV state lower panel:
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Figure 5.43: pγγ coincidence spectrum includes two gamma-ray peaks at 3.215 MeV and 4.439
MeV, corresponding to the cascading gamma-rays from the Hoyle state.
§5.6 Proton-γγ coincidences 89
 0
 50
 100
 150
 200
 250
-200 -150 -100 -50  0  50  100  150  200
10.7 MeV on 12C 
Prompt gate on TDC time difference 
Random gate on TDC time difference 
C o
u n
t s
Time difference [ns]
[h]
Figure 5.44: TDC time diﬀerence spectrum, gated by the protons, γ energy diﬀerence and γ
summed energy. The prompt and random gates on the TDC time diﬀerence are indicated with
horizontal error bars.
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Figure 5.45: Particle spectrum showing the prompt and the random gates on 1.5-MeV proton
group.
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Figure 5.46: Gamma energy diﬀerence spectrum gated by the 1.5 MeV protons, the 3.215-MeV
and the 4.439-MeV gamma rays and the TDC. The gates on the gamma energy diﬀerence (lower
region: G-DIF-L and upper region: G-DIF-U) are indicated with horizontal error bars.
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Figure 5.47: Gamma-sum energy spectrum. Panel(a) gated by protons and the TDC prompt;
(b) gated by the 1.5 MeV protons, 3.215-MeV and 4.439-MeV gamma rays, the TDC and the γ
energy diﬀerence. The Gamma sum energy gate indicated with horizontal error bar.
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Figure 5.48: Fit to the particle spectrum gated by gamma-sum and the gamma energy diﬀerence
and prompt time gates on 12C data.
Figure 5.49: Fit to the summed gamma energy spectra gated by the Ep = 1.5-MeV group and
the TDC.
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5.7 The radiative width of the Hoyle state (Γrad/Γ)
As mentioned in section 5.1, the branching ratio for the 7.65-MeV cascade in 12C is given
by: [
Γγ
Γ
]7.65
=
N7.65020
N4.98020
× N
4.98
Singles
N7.65Singles
× ϵ1.78
ϵ4.44
× ϵ3.20
ϵ3.21
× W
4.98
020
W 7.65020
. (5.6)
In comparison with Obst and Braitwaite approach, here is no need to use the monitor
cascade transition from the 6.28-MeV state in 28Si because the proton group of the 4.98
MeV 0+2 state in
28Si could be completely resolved in the present data. The relative
photopeak eﬃciencies and the angular correlations in 12C and 28Si are tabulated in Table
5.4.
Table 5.4: The ratio of the pγγ coincidences and the singles protons for the 7.65-MeV in 12C,
6.28-MeV and 4.98-MeV excited states in 28Si.
state pγγ singles protons
7.65 MeV (12C) 529(23) 2.56(5)× 10+8
6.28 MeV (28Si) 11725(108) 4.20(8)× 10+6
4.98 MeV (28Si) 2617(51) 3.13(6)× 10+5
The measured number of counts for the pγγ coincidences and the singles protons are
listed in Table 5.5. The ratio of W 4.98020 (SiO2)/W
7.65
020 (
12C) was calculated based on an
evaluation that will be discussed in Chapter 6.
This ratio has a very small eﬀect on the final result. It was found to amount to only
1% correction in the final value. The measured parameters used to extract the branching
ratio Γγ/Γ are listed in Table 5.6.
Following Eq. 5.9, the branching ratio for the 7.65-MeV cascade in 12C is:[
Γγ
Γ
]7.65
= 0.202(8)× 1.23(3)× 10−3 × 1.588× 1.0026× 1.0110(15) (5.7)
[
Γγ
Γ
]7.65
= 3.99(22)× 10−4 (5.8)
Using the number from Eq. 5.10 and the adopted value of the pair width απ (E2, 3.215
MeV) = 8.765 × 10−4 [139] , the radiative width of the Hoyle state relative to the total
width is given by:
Γrad = Γ
E2
γ + Γ
E0
π + Γ
E2
π (5.9)
Γrad
Γ
=
ΓE2γ + Γ
E0
π + Γ
E2
π
Γ
(5.10)
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Table 5.5: The relative eﬃciencies and the an-
gular correlation for 12C, and SiO2, as discussed
in Chapter 6.
Relative eﬃciency
ϵ1.78 (28Si) 0.521
ϵ3.20 (28Si) 0.384
ϵ3.21 (12C) 0.383
ϵ4.44 (12C) 0.328
ϵ1.78/ϵ4.44 1.588*
ϵ3.20/ϵ3.21 1.0026*
The angular correlation
W 4.98020 (SiO2)/W
7.65
020 (
12C) 1.0110(15)
* The uncertainty in these terms are
negligible compared with the first two
terms in Eq. 5.9.
Table 5.6: Measured parameters used to calculate Γγ/Γ.
N7.65020 /N
4.98
020 0.202(8)
N4.98Singles/N
7.65
Singles 1.23(3)× 10−3
Γrad
Γ
=
ΓE2γ
Γ
× (1 + αE2π ) +
ΓE0π
Γ
(5.11)[
Γrad
Γ
]7.65
= 4.07(22)× 10−4 (5.12)
The uncertainty for the individual inputs to Eq. 2.2, to determine the Γrad/Γ, were
obtained using [164] and a Python code; see Appendix D.
5.8 Comparison with other work
A summary of the previous measurements is presented along with our results in Table 5.7
and Fig 5.50. The black line and the red line indicate the weighted average for all
previously reported measurements, excluding the outlying value obtained by Seeger and
Kavanagh [59].
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Figure 5.50: Summary of the present and the eight previous measurements of Γrad/Γ. Black
and red dashed lines indicate the weighted average value (excluding the second value) and the
uncertainty, respectively.
The adopted values were obtained using the Avetools code [165] using five diﬀerent
averaging methods, including: Limitation of Relative Statistical Weight (LWM) [83],
Normalised Residual Method (NRM) [83], Rajeval Technique (RT) [83], Bootstrap
method [166] and Mandel-Paule approach [167]. The first three methods give a value of
4.17(10) × 10−4, see Fig 2.4, table 2.2 and Appendix E.
The present result is the third study using the pγγ coincidence technique. It is only
the second experiment showing the two cascade gamma-rays (3.215 MeV and 4.439
MeV) from the Hoyle state in a single spectrum. The present result agrees with the
previous result obtained by Obst and Braitwaite in 1976: 4.09(29) × 10−4 [1]. It also
agrees with the value of Γrad/Γ = 4.20(20)× 10−4 published by Chamberlin et al. [60]
in 1974 and with the value of Γrad/Γ= 4.15(34)× 10−4 published by Mak et al. [62] in 1975.
Using the average value along with the adopted values of the pair conversion width to the
total width ΓE0π /Γ and the absolute E0 decay width Γ
E0
π , from Table 2.1, the radiative
width becomes:
Γrad = 3.8(4)× 10−3eV. (5.13)
The available data on Γrad, including our result are listed in Table 5.8.
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Table 5.7: Experimental values of Γrad/Γ.
Reference Γrad/Γ (×10−4)
Alburger (1961) [55] 3.3(9)
Seeger and Kavanagh (1963) [58] 2.82(30)
Hall and Tanner (1964) [13] 3.5(12)
Chamberlin et al. (1974) [60] 4.20(20)
Davids et al. (1975) [61] 4.30(20)
Mak et al. (1975) [62] 4.15(34)
Markham et al.(1976) [63] 3.87(25)
Obst and Braithwaite (1976) [1] 4.09(29)
Present work (2015) 4.07(22)
Adopted value (2015)* 4.12(10)
* Excluding the measurement of Seeger and Kavanagh
and including the present work.
Table 5.8: Derived values of Γrad.
References Γrad
Seeger and Kavanagh (1963) [58] 2.5(15)×10−3 eV
Davids et al. (1975) [61] 3.99(127)×10−3 eV
Obst and Braitwaite (1976) [1] 3.7(11) ×10−3 eV
Markham et al.(1976) [63] 3.61(113)×10−3 eV
Robertson et al. (1977) [69] 4.03 (71)×10−3 eV
Present work (2015) 3.8(4)×10−3 eV
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Chapter 6
Gamma-gamma Angular
correlations
This chapter presents a measurement of γγ angular correlations following the
12C(p, p
′
)12C reaction, using the twenty six NaI detectors in CACTUS. The relative photo-
peak eﬃciencies of the NaI detectors were determined using Penelope simulations discussed
in Section 5.6. The results are compared to calculated angular correlations for known 0+
→ 2+ → 0+ cascades in 28Si and 12C. These results serve as a check on the analysis proce-
dures used to determine the radiative width of the Hoyle state, as well as giving the first
reliable measurement of the 0+ → 2+ → 0+ angular correlation from the Hoyle state.
6.1 Angular correlation of a 0+ → 2+ → 0+ cascade
Gamma-ray angular correlations are one of the classical γ-spectroscopic tools for
investigating the properties of excited states and gamma transitions. They enable
determinations of the level spin and parity (Jπ), and the transition multipolarities and
mixing ratios (δ).
The γ-ray angular distributions and correlations of two γ-rays emitted in a cascade have
been discussed widely in the literature [168, 169, 170].
The γγ correlation can be explained as follows: If an excited nuclear state decays to the
ground state through one or more intermediate states, the angular distribution of the
photons emitted will be aﬀected by the spin of the nucleus during each transition. The
relative probability that a second photon will be emitted at an angle θ with respect to the
first emitted photon is denoted W (θ). The number of emitted photons depends both on
the multipole order of the emitted radiations and on the angular momenta of the states
involved.
The Hoyle state decays to the ground state through an intermediate state. The γ-rays
emitted during these two transitions are thus eﬀectively in coincidence. The angular
correlation function is described by [171] [172]:
W (θ) = 1 +A2P2(cos θ) +A4P4(cos θ), (6.1)
where θ is the separation angle between the two detectors, A2 and A4 are the angular
correlation coeﬃcients, and P2(cos θ) and P4(cos θ) are the Legendre polynomials.
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Figure 6.1: The theoretical angular correlation for a 0+ → 2+ → 0+ cascade compared with the
Legendre polynomials P2(cos θ) (in red) and P4(cos θ) (in blue).
The 7.65-MeV → 4.439-MeV → 0-MeV cascade is expected to follow a spin sequence of
0+ → 2+ → 0+ [32]. For a 0+ → 2+ → 0+ cascade, the theoretical values of A2 and A4
are A2=0.3517, A4=1.14286. The 0+ → 2+ → 0+ cascade is one of the strongest known
correlations, with maximum values at θ = 0◦ and 180◦, and a minimum near 45◦ and 135◦.
Fig 6.1 shows the theoretical angular correlation for this cascade compared with the
Legendre polynomials P2(cos θ) and P4(cos θ).
In general angular correlation measurements provide a key to the spin assignment. In
the case of the Hoyle state, however, the spin and parity are known to be 0+ (from
nuclear reaction studies). The primary purpose of the angular correlation measurement
in the present work is to provide a test of the analysis procedures used to determine the
radiative width.
Nevertheless, only one previous measurement, of the 0+ → 2+ → 0+ angular correlation
in 12C, has been reported in the literature by Seed in 1954 [173]. No subsequent
measurements of the γγ angular correlation have been reported since. The paper is rather
obscure and rarely cited. In this study, the angular correlation was measured between
the 3-MeV escape annihilation peak, and 4.5-MeV γ rays in the 14N(d,αγγ)12C reaction.
Here, the results of the angular correlations for 12C and 28Si were experimentally examined.
The present angular correlation measurement of the 3.215-MeV and 4.439-MeV cascade,
using the 12C(p,p′)12C reaction, is the first to examine the γγ correlations of the full
energy peaks.
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6.2 Angular correlation with CACTUS
The multiple-detector system, CACTUS, provides high yield and oﬀers a variety of
detector angle separations. Therefore, a measurement of the angular correlations from
the γ-γ coincidence data could be made.
To do this, corrections to Eq. 6.1 for the finite solid angle subtended by each detector
have to be made, as outlined below in Section 6.3. Next, detector pairs must be grouped
according to their angular separations, as discussed in this Section. Then, gamma-gamma
matrices for each set of detector pairs with the same angular separation have to be
sorted and added together using the same sorting procedure and the same gating
conditioners discussed in Chapter 5. This procedure is presented in Section 6.4. Finally,
the coincidence counts obtained from each detector pair group have to be normalized
with the corresponding detector eﬃciencies, as is also explained in Section 6.4.
Table 6.1: The number of pairs for each angle group.
The separation angle θ Number of pairs
180◦ 11
142.7◦ 38
138.3◦ 22
116.6◦ 16
109.6◦ 42
100.9◦ 38
79.2◦ 37
70.6◦ 44
63.5◦ 16
41.9◦ 21
37.4◦ 40
Total: 325
Despite the need to obtain enough statistics from the coincidence data, in general
there are two main advantages of using the CACTUS array. First, the γγ two dimen-
sional plot provides well-separated peaks and a lower background. Second, one can
usually find a coincidence gate that will reveal any peak that is unresolved in singles.
Here, CACTUS has 26 detectors, as mentioned earlier in Section 4.1.1, with high eﬃciency.
On the other hand, the use of CACTUS for this type of measurement is rare for diﬀerent
reasons. First, the CACTUS array presents less than ideal pair groupings with low
intensity (e.g., only 11 pairs in the 180 degree group, where the angular correlation
measurement is expected to be the most sensitive); see Table 6.1. Second, a very complex
analysis procedure is required, due to the large number of detectors and pair groupings.
Beyond the CACTUS array, the Hoyle state decays mostly by α emission so the cascade
of interest has very low statistics. Moreover, the energy range covered by the calibration
60Co source in comparison to the energy range where this study has its interesting
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Table 6.2: Gamma detector map
Fpos ADC-ID Ring θ [deg] φ [deg]
1 1 1 142.6 324
2 2 1 142.6 36
29 -99 1 142.6 108 empty
4 4 1 142.6 180
30 -99 1 142.6 252 empty
8 8 2 116.6 0
10 9 2 116.6 72 empty
3 3 2 116.6 144
5 29 2 116.6 216
6 6 2 116.6 288
7 7 3 100.7 324
9 16 3 100.7 36
11 11 3 100.7 108
12 12 3 100.7 180
13 30 3 100.7 252
15 15 4 79.3 0
16 -99 4 79.3 72 empty
17 17 4 79.3 144
18 18 4 79.3 216
14 14 4 79.3 288
20 20 5 63.4 324
21 21 5 63.4 36
22 22 5 63.4 108
24 24 5 63.4 180
19 19 5 63.4 252
27 27 6 37.4 0
28 28 6 37.4 72
23 23 6 37.4 144
25 25 6 37.4 216
26 26 6 37.4 288
transitions makes the eﬃciency calibration a significant challenge.
In the present study, the cascading 3.215-MeV and 4.439-MeV transitions in 12C were
observed with detector pairs at various separation angles. The detector map for CACTUS
is given in Table 6.2, where Fpos is the detector position, ADC-ID is the detector
identification number in CACTUS, θ is the detector polar angle and φ is the detector
azimuthal angle. The angle diﬀerences for each detector pair in the CACTUS array are
listed in Appendix C. Based on the separation angle, the pairs can be put into 11 groups
ranging from 37◦ to 180◦ as given in Table 6.1. The number of pairs in each group varies
from 11 to 44.
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6.3 Penelope simulations of solid angle corrections
Because of the solid angles subtended by the photon detectors, the number of coinci-
dence events N(θ)γγ is an integral average of the true correlation W(θ) over small angles
distributed around θ, as illustrated in Fig 6.2.
Figure 6.2: Geometry of the two detectors A and B.
Thus N(θ)γγ must be corrected and normalized to give Wexp (θ). The experimental cor-
relation can be written as [172], [174]:
N(θ)γγ = A0[1 +A
exp
2 P2(cos θ) +A
exp
4 P4(cos θ)], (6.2)
where A0 is a constant and θ is the angle between the detectors’ axes. The theoretical
coeﬃcient Ak can be related to A
exp
k by including a correction factor Qk [175] for the solid
angle of the detector:
Ak = A
exp
k /Qk, (6.3)
where k = 0, 2 and 4. Q0=1. As noted by Camp and Van Lehn [175] the Qk correction
factor normalized to Qk=1 is given in general by:
Qk =
JAk (γ1)J
B
k (γ2) + J
A
k (γ2)J
B
k (γ1)
JA0 (γ1)J
B
0 (γ2) + J
A
0 (γ2)J
0
k (γ1)
, (6.4)
where A and B denote the two detectors, as shown in Fig 6.2.
Figure 6.3: Cross sectional view of one of the CACTUS detectors.
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Here, Jk can be obtained as:
Jk(γi) =
αmax∫
0
Pk(cosα)ϵi(αiEi)| sinα|dα, (6.5)
where α is the oﬀ-axis entrance angle of the radiation into the detector, ϵi is the detector
eﬃciency at angle α, and Ei is the energy of the detected gamma ray.
Penelope simulations were used to evaluate the Jk values of the relevant transitions in
28Si and 12C. Fig 6.3 shows the geometry used for these simulations.
Table 6.3: The correction factors for the experimental angular correlation in 12C, 28Si and 60Co
Eγ(MeV) J2/J0 J4/J0 Eﬃciency R Q2 Q4
3.215 (12C) 0.9820 0.9410 0.3831 1 0.9647 0.8861
4.439 (12C) 0.9824 0.9416 0.3284
1.78 (28Si) 0.9819 0.9404 0.5208 1 0.9642 0.8848
3.20 (28Si) 0.9820 0.9409 0.3840
1.173 (60Co) 0.9818 0.9403 0.6268 1 0.9640 0.8842
1.332 (60Co) 0.9818 0.9403 0.5952
The correction factor can be written as:
Qk =
JAk (γ1)
JA0 (γ1)
JBk (γ2)
JA0 (γ2)
(
R
R+ 1
)
+
JAk (γ2)
JA0 (γ2)
JBk (γ1)
JA0 (γ1)
(
1
1 +R
)
, (6.6)
where R is a product of the eﬃciencies of two detectors:
R =
JA0 (γ1)
JA0 (γ2)
JA0 (γ2)
JA0 (γ1)
=
ϵA(γ1)
ϵA(γ2)
ϵB(γ2)
ϵB(γ1)
(6.7)
In the present study, the eﬃciency of detector A or B is identical for the same gamma
ray energy, so R in equation 6.8 will be 1.
Table 6.3 shows the Q2 and Q4 values, derived from the present simulations. The
simulated energy distribution of emitted photons, (3.215 MeV) and (4.439 MeV), are
shown in Fig 6.4 and Fig 6.5, respectively. The Penelope simulations do not take
into account the statistical nature of scintillation light production and collection. To
estimate the eﬀect and to improve the graphical comparison of the simulations and the
experimental spectra, a normal distribution with a FWHM corresponding to the energy
resolution was folded into the simulated spectra.
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Figure 6.4: Simulated energy spectrum of 3.215-MeV photons in one CACTUS detector, see
section 5.4.3.
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Figure 6.5: Simulated energy spectrum of 4.439-MeV photons in one CACTUS detector, see
section 5.4.3.
Using these Qk values and the theoretical Ak values evaluated from the Pedaplot
code [176], the ratio of W 4.98020 /W
7.65
020 can be obtained. This ratio was weighted with the
number of pairs for 11 separation angles, and the uncertainty was deduced from unity
to encapsulate the diﬀerence between the two theoretical angular correlations and also
weighted with the number of the pairs for 11 separation angles, see Table 6.4.
This ratio is:
W 4.98020
W 7.65020
= 1.0110(15), (6.8)
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and this number was one of the parameters used to derive the radiative width of the
Hoyle state relative to the total width in Chapter 5.
The ratio of W 4.98020 /W
7.65
020 in Obst and Braithwaite [1] was 0.99(0.05) and was determined
using the eﬃciency and angular resolution graphs from Marion and Young. The two
values are in agreement, although their result was 1% less than unity and ours 1% higher
than unity. They are not expected to be the same because the measurements have
detectors at diﬀerent angles and with diﬀerent solid angles. Also, our value is based on a
Monte Carlo simulation done especially for CACTUS array. The Obst and Braithwaite
value was derived from an average of the graphs of Marion and Young [177] and Monte
Carlo calculations.
Table 6.4: The ratio of W 4.98020 /W
7.65
020
θ Pairs
W 4.98020 (
28Si)
W 7.65020 (
12C)
W 4.98020 (
28Si)
W 7.65020 (
12C)
*Pairs Uncertainty
[degrees]
37.4 40 1.0186 40.7438 0.0141
41.9 21 0.9947 20.8881 0.0006
63.5 16 0.9791 15.6649 0.0069
70.6 44 1.0033 44.1444 0.0005
79.2 37 1.0449 38.6615 0.0780
100.9 38 1.0444 39.6882 0.0783
109.6 42 1.0024 42.1017 0.0002
116.6 16 0.9788 15.6610 0.0070
138.3 22 0.9956 21.9027 0.0004
142.7 38 1.0192 38.7292 0.0143
180 11 0.9453 10.3979 0.0312
Sum 325 328.584 0.2314
Average 1.0110 0.0015
6.4 γγ Angular correlation in 12C and 28Si
There are 325 possible detector pairs formed from the 26 detectors of the CACTUS array.
The sorting procedure used for the angular correlation data was identical to the one de-
scribed in Chapter 5; however, based on the detector map, 11 diﬀerent gated projections of
two dimensional matrices were made, one for each angular separation. The data deduced
from the observed peak areas in each matrix, normalized by the number of pairs, are shown
in Fig 6.6 and Fig 6.7 for 28Si and 12C, respectively. The solid line is the theoretical curve
calculated using the function W (θ) = 1 + A2P2(cos θ) + A4P4(cos θ); for a 0+ → 2+ →
0+ cascade, the theoretical angular correlation values are: A2 = 0.3571 and A4 = 1.1429.
However, the finite solid angle accepted by the detector will attenuate the correlation, and
Aexpk = Ak×Qk were used, where Qk is a correction factor, described earlier in section 6.2.
Both the theoretical values using Eq. 6.2 and the experimental points in 12C and 28Si
data are recorded in Table 6.5. A 60Co source was used to provide an indication of the
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relative eﬃciencies of the individual detectors. Specifically, 60Co data were used to check
the detector eﬃciencies by identifying the relative eﬃciencies of the two peaks (1.173 MeV
and 1.332 MeV) for each of the twenty six NaI detectors. It was found that the singles
count rates scattered by about 4%. However, this eﬀect had a negligible impact when all
detector pairs were combined as the variations tended to average out. Based on the 60Co
data, the relative normalization factors were evaluated, and the energy dependence was
assumed to be the same, apart from an overall scaling factor.
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Figure 6.6: The γγ angular correlation for 0+ → 2+ → 0+ spin sequences observed in 28Si data.
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Figure 6.7: The γγ angular correlation for 0+ → 2+ → 0+ spin sequences observed in 12C data.
The correlation data were analyzed with the computer program GCORR [178]. The
program fits the observed correlation data with equation 6.2. The contributions to the
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sum of the squared residuals Q2 from the observed data are then given by:
Q2i = ((ei − ti)/∆i)2, (6.9)
where ei and ti are the experimental and theoretical values, respectively, and ∆ is the
uncertainty. A traditional χ2 analysis is then used to determine the possible value and
uncertainty in the physical parameters.
Table 6.5: The γγ angular correlation values in 12C and 28Si, compared with the theoretical
values, including the eﬀects of the attenuation coeﬃcients.
θ Pairs Wγγ(theory) Wγγ(Exp) [28Si] Wγγ(Exp) [12C]
180 11 2.5000 2.29(0.44) 2.28(0.44)
142.7 38 0.8794 0.80(0.34) 1.04(0.29)
138.3 22 0.7137 0.78(0.34) 0.85(0.27)
116.6 16 0.6993 0.80(0.34) 0.58(0.20)
109.6 42 0.8914 0.86(0.35) 1.00(0.29)
100.9 38 1.1222 0.88(0.35) 1.18(0.30)
79.2 37 1.1244 1.05(0.37) 1.19(0.31)
70.6 44 0.8971 0.85(0.35) 1.44(0.35)
63.5 16 0.7018 0.63(0.32) 0.85(0.27)
41.9 21 0.7072 0.83(0.35) 1.66(0.37)
37.4 40 0.8751 0.85(0.35) 0.95(0.28)
In 0+ → 2+ → 0+ sequences in 28Si and 12C, both transitions should have very distinct
angular correlations with A22 = 0.36 and A44 = 1.14 values. In both cases, the observed
angular correlations are in good agreement with the theoretical function.
The verification of the analysis included checks on:
• Peak fitting the diﬀerence in the relative eﬃciencies which were checked for both
data sets 12C and 28Si. Both data sets should have a distinct distribution consistent
with a 0+ → 2+ → 0+ cascade, and they do.
• Examinations of the gates that were used to project out the angular correlation. To
do this, five diﬀerent sorts were generated for each θ angle (11 angles from 37.4◦ to
180◦). Cascade gammas, particles, TDC, gamma-sum and gamma energy diﬀerence
spectra were plotted for 11 angles. By adding the 11 spectra from all angles, and
comparing with the total spectra used in the radiative width analysis, the resultant
spectra verified that all gates are correct.
The relative photopeak eﬃciencies of the 26 NaI detectors were adopted from Fig. 5.31;
however, the individual eﬃciencies were scaled using the singles data collected with a
60Co source.
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The above analysis of the γγ angular correlation leads to the following conclusion: the
present data on the decay of the 7.65-MeV state not only supports the 0+ → 2+ → 0+
assignment, but also gives confidence in the validity of the analysis procedures used to
determine Γrad/Γ.
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Chapter 7
Summary and Conclusions
The present study set out to examine the outcome of the triple-alpha reaction, a
fundamental physical process relevant to our existence. It is widely accepted that this
process is responsible for carbon production in the universe [7], and the rate at which it
occurs has broad implications for the synthesis of heavier elements.
In 1953, Fred Hoyle suggested that the observed abundance of elements in the Universe
could be explained if we assumed the existence of a very narrow resonance in 12C at 7.65
MeV, just above the triple-alpha threshold. This resonance is known as the Hoyle state.
Carbon is produced via a cascade of nuclear reactions, 4He + 4He ↔ 8Be and 8Be + 4He
→ 12C, which occur in the later stages of stellar evolution, and can only take place when
the Hoyle state decays. The Hoyle state is unbound, and decays to the ground state of
12C represent only ≈ 0.04% of the total decay intensity.
The triple-alpha reaction is key to the production of elements with mass A>12. It plays a
central role in many astrophysical processes, from stellar evolution to explosive scenarios.
A higher triple-alpha rate at low energy will aﬀect our understanding of the evolution
of the first generation of stars. The uncertainty of the triple-alpha rate comes from
the uncertainty in the radiative width of the Hoyle state. Because of this uncertainty,
particular attention has been paid to the study of the second 0+ state of 12C.
Despite recent progress, the radiative width of the Hoyle state remains uncertain at the
level of about ±10%. The cascade gamma-ray measurement is a good way to study the
structure of the Hoyle state; however, such a study is very challenging because the state
is more likely to decay by emitting an alpha particle than a gamma-ray. As the number
of pγγ events is expected very low, possibly between 500 and 1000 total events out of
millions, this project required a very detailed and consistent approach.
The outcomes and conclusions of the present studies are summarised as follows:
In the present study, decay properties of the Hoyle state were studied in an experiment
at the University of Oslo. The second excited state in 12C was directly observed
and was resonantly excited via a beam of 10.7 MeV protons, which impinged upon
either a 12C or SiO2+12C target. The outgoing scattered protons were detected by
the SiRi array, consisting of 64 E-∆E detectors. The cascading gamma-rays were
detected by the CACTUS array, consisting of 26 NaI detectors arranged in rings.
Both detector systems were described in Chapter 4.
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The data were analysed using the SiRiSort code described in Section 5.2, which was
specifically developed for this project. The 28Si and 12C spectra from this experiment
were analysed simultaneously; the former provided a means of calibration and testing
methods. Data were analysed to explore and describe the relationship between the
thin ∆E and E detectors, identify the particles and the related cascade gamma-rays
detected by SiRi and Cactus, respectively, and determine a precise value for the
radiative width of the Hoyle state, the main aim of this work.
In parallel, Monte Carlo simulations were used in an attempt to understand the particle
detectors more precisely, as described in Section 5.2. The energy loss in the front
∆E detectors was calculated and compared to the total proton energy using two
methods. The simulations were also used to establish a banana gate used to filter
out nonphysical events in the E-∆E spectra. Moreover, Penelope simulations were
used to work out the photopeak eﬃciency in CACTUS. This eﬃciency was then used
as an input in the determination of the radiative width of the Hoyle state.
The angular correlation was measured for γ-rays in cascade, emitted from 12C and 28Si.
It served to support the present result for the radiative width of the Hoyle state
from the coincidence data. This angular correlation was not the primary aim of
the experiment, and was complicated by the geometry of CACTUS, which contains
325 diﬀerent detector pairs in 11 diﬀerent correlation groups. The experimental
correlation was normalized to the theoretical one using a single normalisation factor.
The final results strongly support the 0+ → 2+ → 0+ assignment in 12C; this is the
first strong experimental validation of the spin assignments for this cascade based
on the γ-ray angular correlation in the literature.
Finally, the radiative width of the Hoyle state has been extracted from the new γ-ray
experiment measuring the Hoyle state branching ratio using a triple coincidence
(proton-gamma-gamma) technique. From these experiments, a value of 4.07(22)×
10−4 was obtained for the radiative width of the Hoyle state in 12C, Γrad/Γ, which
is very close to the current adopted value. This result for the relative branching
ratio is in good agreement with other works listed in Table 2.2. A value Γrad =
4.8(4)× 10−3 eV was derived from the weighted average of the current result and
those obtained in previous studies. This value includes the present study, and is in
a good agreement with the previously adopted value.
A full report on the present pγγ and pγγ(θ) measurements is being prepared. A com-
plementary measurement to the one presented here, using pair conversion spectroscopy
has been performed and it is being analyzed [179]. The primary aim of that project is to
observe the pair conversion ratio of the 3.215 MeV E2 and 7.654 MeV E0 transition, the
data can be used to deduce the ΓE0π /Γ. When complete, the results of both projects will
be combined to provide an improved determination of the pair width branching ratio.
In order to provide more stringent limits to the conclusions drawn from the cur-
rent work, increased experimental sensitivity would be required. More statistics and
a diﬀerent selection of separation angles between the detectors–including the most
significant angles for measuring angular correlations for the γ − γ cascade–might improve
the angular correlation measurement. However, there is no doubt concerning the spin
and the parity of the Hoyle state.
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The successful completion of this project builds confidence in the previous mea-
surement of the radiative width of the Hoyle state. Other experimental studies are needed
in order to improve the accuracy of the radiative width of the Hoyle state and improve
the uncertainty in the rate of the triple-alpha process. Results from such studies will
be highly significant, having implications in the fields of the astrophysics and nuclear
structure. It should be noted that, the number of studies of the radiative width are low;
moreover, the present result serves as an additional motive to collect more data on these
types of phenomena.
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Appendix A
SiRisort.exp
Experiment Definition 22-JAN-04 9:39:42
Comment:- Cactus-SiRi, 10.7 MeV
Experiment: 12C Hoyle state
Target angle: 0.000 Degrees Thickness: 180ug/cm2
Target Composition: natural carbon
Delay Window Period 8 microsecs Transfer Buffer 16384 Bytes Oflows - Y
Number of independent coincidence groups: 1
Coincidence Interface: 1 Coincidence Group: 1
ADC 1 Channels 128 Title: TPU Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: TPU
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 2 Channels 128 Title: Clock Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: CLOCK
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
Coincidence Interface: 2 Coincidence Group: 1
ADC 1 Channels 128 Title: Scaler_01 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_01
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 2 Channels 128 Title: Scaler_02 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_02
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 3 Channels 128 Title: Scaler_03 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_03
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 4 Channels 128 Title: Scaler_04 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_04
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
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ADC 5 Channels 128 Title: Scaler_05 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_05
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 6 Channels 128 Title: Scaler_06 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_06
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 7 Channels 128 Title: Scaler_07 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_07
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 8 Channels 128 Title: Scaler_08 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_08
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 9 Channels 128 Title: Scaler_09 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_09
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 10 Channels 128 Title: Scaler_10 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_10
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 11 Channels 128 Title: Scaler_11 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_11
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 12 Channels 128 Title: Scaler_12 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_12
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 13 Channels 128 Title: Scaler_13 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_13
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 14 Channels 128 Title: Scaler_14 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_14
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 15 Channels 128 Title: Scaler_15 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_15
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 16 Channels 128 Title: Scaler_16 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_16
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
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ADC 17 Channels 128 Title: Scaler_17 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_17
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 18 Channels 128 Title: Scaler_18 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_18
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 19 Channels 128 Title: Scaler_19 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_19
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 20 Channels 128 Title: Scaler_20 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_20
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 21 Channels 128 Title: Scaler_21 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_21
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 22 Channels 128 Title: Scaler_22 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_22
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 23 Channels 128 Title: Scaler_23 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_23
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 24 Channels 128 Title: Scaler_24 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_24
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 25 Channels 128 Title: Scaler_25 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_25
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 26 Channels 128 Title: Scaler_26 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_26
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 27 Channels 128 Title: Scaler_27 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_27
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 28 Channels 128 Title: Scaler_28 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_28
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
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ADC 29 Channels 128 Title: Scaler_29 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_29
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
ADC 30 Channels 128 Title: Scaler_30 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: SCALER_30
Calibration: 0.0000E+00,1.0000E+00,0.0000E+00
Coincidence Interface: 3 Coincidence Group: 1
ADC 1 Channels 512 Title: NaI_T_01 Subspectra 1 Mode: Coincidence
Device ID: GT01 Related ADCs: 4.01,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 2 Channels 512 Title: NaI_T_02 Subspectra 1 Mode: Coincidence
Device ID: GT02 Related ADCs: 4.02,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 3 Channels 512 Title: NaI_T_03 Subspectra 1 Mode: Coincidence
Device ID: GT03 Related ADCs: 4.03,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 4 Channels 512 Title: NaI_T_04 Subspectra 1 Mode: Coincidence
Device ID: GT04 Related ADCs: 4.04,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 5 Channels 512 Title: NaI_T_05 Subspectra 1 Mode: Coincidence
Device ID: GT05 Related ADCs: 4.05,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 6 Channels 512 Title: NaI_T_06 Subspectra 1 Mode: Coincidence
Device ID: GT06 Related ADCs: 4.06,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 7 Channels 512 Title: NaI_T_07 Subspectra 1 Mode: Coincidence
Device ID: GT07 Related ADCs: 4.07,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 8 Channels 512 Title: NaI_T_08 Subspectra 1 Mode: Coincidence
Device ID: GT08 Related ADCs: 4.08,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 9 Channels 512 Title: NaI_T_09 Subspectra 1 Mode: Coincidence
Device ID: GT09 Related ADCs: 4.09,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 10 Channels 512 Title: NaI_T_10 Subspectra 1 Mode: Coincidence
127
Device ID: GT10 Related ADCs: 4.10,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 11 Channels 512 Title: NaI_T_11 Subspectra 1 Mode: Coincidence
Device ID: GT11 Related ADCs: 4.11,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 12 Channels 512 Title: NaI_T_12 Subspectra 1 Mode: Coincidence
Device ID: GT12 Related ADCs: 4.12,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 13 Channels 512 Title: NaI_T_13 Subspectra 1 Mode: Coincidence
Device ID: GT13 Related ADCs: 4.13,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 14 Channels 512 Title: NaI_T_14 Subspectra 1 Mode: Coincidence
Device ID: GT14 Related ADCs: 4.14,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 15 Channels 512 Title: NaI_T_15 Subspectra 1 Mode: Coincidence
Device ID: GT15 Related ADCs: 4.15,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 16 Channels 512 Title: NaI_T_16 Subspectra 1 Mode: Coincidence
Device ID: GT16 Related ADCs: 4.16,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 17 Channels 512 Title: NaI_T_17 Subspectra 1 Mode: Coincidence
Device ID: GT17 Related ADCs: 4.17,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 18 Channels 512 Title: NaI_T_18 Subspectra 1 Mode: Coincidence
Device ID: GT18 Related ADCs: 4.18,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 19 Channels 512 Title: NaI_T_19 Subspectra 1 Mode: Coincidence
Device ID: GT19 Related ADCs: 4.19,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 20 Channels 512 Title: NaI_T_20 Subspectra 1 Mode: Coincidence
Device ID: GT20 Related ADCs: 4.20,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 21 Channels 512 Title: NaI_T_21 Subspectra 1 Mode: Coincidence
Device ID: GT21 Related ADCs: 4.21,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
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ADC 22 Channels 512 Title: NaI_T_22 Subspectra 1 Mode: Coincidence
Device ID: GT22 Related ADCs: 4.22,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 23 Channels 512 Title: NaI_T_23 Subspectra 1 Mode: Coincidence
Device ID: GT23 Related ADCs: 4.23,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 24 Channels 512 Title: NaI_T_24 Subspectra 1 Mode: Coincidence
Device ID: GT24 Related ADCs: 4.24,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 25 Channels 512 Title: NaI_T_25 Subspectra 1 Mode: Coincidence
Device ID: GT25 Related ADCs: 4.25,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 26 Channels 512 Title: NaI_T_26 Subspectra 1 Mode: Coincidence
Device ID: GT26 Related ADCs: 4.26,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 27 Channels 512 Title: NaI_T_27 Subspectra 1 Mode: Coincidence
Device ID: GT27 Related ADCs: 4.27,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 28 Channels 512 Title: NaI_T_28 Subspectra 1 Mode: Coincidence
Device ID: GT28 Related ADCs: 4.28,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 29 Channels 512 Title: NaI_T_29 Subspectra 1 Mode: Coincidence
Device ID: GT29 Related ADCs: 4.29,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
ADC 30 Channels 512 Title: NaI_T_30 Subspectra 1 Mode: Coincidence
Device ID: GT30 Related ADCs: 4.30,
Calibration: -4.836E+02,2.41823E+00,0.0000E+00
Coincidence Interface: 4 Coincidence Group: 1
ADC 1 Channels 1024 Title: NaI_E_01 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE01
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 2 Channels 1024 Title: NaI_E_02 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE02
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 3 Channels 1024 Title: NaI_E_03 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE03
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
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ADC 4 Channels 1024 Title: NaI_E_04 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE04
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 5 Channels 1024 Title: NaI_E_05 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE05
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 6 Channels 1024 Title: NaI_E_06 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE06
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 7 Channels 1024 Title: NaI_E_07 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE07
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 8 Channels 1024 Title: NaI_E_08 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE08
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 9 Channels 1024 Title: NaI_E_09 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE09
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 10 Channels 1024 Title: NaI_E_10 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE10
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 11 Channels 1024 Title: NaI_E_11 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE11
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 12 Channels 1024 Title: NaI_E_12 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE12
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 13 Channels 1024 Title: NaI_E_13 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE13
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 14 Channels 1024 Title: NaI_E_14 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE14
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 15 Channels 1024 Title: NaI_E_15 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE15
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Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 16 Channels 1024 Title: NaI_E_16 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE16
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 17 Channels 1024 Title: NaI_E_17 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE17
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 18 Channels 1024 Title: NaI_E_18 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE18
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 19 Channels 1024 Title: NaI_E_19 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE19
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 20 Channels 1024 Title: NaI_E_20 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE20
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 21 Channels 1024 Title: NaI_E_21 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE21
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 22 Channels 1024 Title: NaI_E_22 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE22
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 23 Channels 1024 Title: NaI_E_23 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE23
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 24 Channels 1024 Title: NaI_E_24 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE24
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 25 Channels 1024 Title: NaI_E_25 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE25
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 26 Channels 1024 Title: NaI_E_26 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE26
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 27 Channels 1024 Title: NaI_E_27 Subspectra 1 Mode: Both
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Detector Position: 0.0 mm at angle 0.00 Device ID: GE27
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 28 Channels 1024 Title: NaI_E_28 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE28
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 29 Channels 1024 Title: NaI_E_29 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE29
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 30 Channels 1024 Title: NaI_E_30 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: GE30
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
Coincidence Interface: 5 Coincidence Group: 1
ADC 1 Channels 1024 Title: SiRi_E_01 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: E01
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 2 Channels 1024 Title: SiRi_E_02 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: E02
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 3 Channels 1024 Title: SiRi_E_03 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: E03
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 4 Channels 1024 Title: SiRi_E_04 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: E04
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 5 Channels 1024 Title: SiRi_E_05 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: E05
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 6 Channels 1024 Title: SiRi_E_06 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: E06
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 7 Channels 1024 Title: SiRi_E_07 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: E07
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 8 Channels 1024 Title: SiRi_E_08 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: E08
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
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Coincidence Interface: 6 Coincidence Group: 1
ADC 1 Channels 1024 Title: SiRi_DE_01 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE01
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 2 Channels 1024 Title: SiRi_DE_02 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE02
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 3 Channels 1024 Title: SiRi_DE_03 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE03
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 4 Channels 1024 Title: SiRi_DE_04 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE04
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 5 Channels 1024 Title: SiRi_DE_05 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE05
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 6 Channels 1024 Title: SiRi_DE_06 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE06
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 7 Channels 1024 Title: SiRi_DE_07 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE07
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 8 Channels 1024 Title: SiRi_DE_08 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE08
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 9 Channels 1024 Title: SiRi_DE_09 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE09
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 10 Channels 1024 Title: SiRi_DE_10 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE10
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 11 Channels 1024 Title: SiRi_DE_11 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE11
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 12 Channels 1024 Title: SiRi_DE_12 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE12
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Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 13 Channels 1024 Title: SiRi_DE_13 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE13
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 14 Channels 1024 Title: SiRi_DE_14 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE14
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 15 Channels 1024 Title: SiRi_DE_15 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE15
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 16 Channels 1024 Title: SiRi_DE_16 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE16
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 17 Channels 1024 Title: SiRi_DE_17 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE17
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 18 Channels 1024 Title: SiRi_DE_18 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE18
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 19 Channels 1024 Title: SiRi_DE_19 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE19
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 20 Channels 1024 Title: SiRi_DE_20 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE20
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 21 Channels 1024 Title: SiRi_DE_21 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE21
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 22 Channels 1024 Title: SiRi_DE_22 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE22
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 23 Channels 1024 Title: SiRi_DE_23 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE23
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 24 Channels 1024 Title: SiRi_DE_24 Subspectra 1 Mode: Both
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Detector Position: 0.0 mm at angle 0.00 Device ID: DE24
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 25 Channels 1024 Title: SiRi_DE_25 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE25
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 26 Channels 1024 Title: SiRi_DE_26 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE26
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 27 Channels 1024 Title: SiRi_DE_27 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE27
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 28 Channels 1024 Title: SiRi_DE_28 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE28
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 29 Channels 1024 Title: SiRi_DE_29 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE29
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 30 Channels 1024 Title: SiRi_DE_30 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE30
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 31 Channels 1024 Title: SiRi_DE_31 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE31
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 32 Channels 1024 Title: SiRi_DE_32 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE32
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 33 Channels 1024 Title: SiRi_DE_33 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE33
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 34 Channels 1024 Title: SiRi_DE_34 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE34
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 35 Channels 1024 Title: SiRi_DE_35 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE35
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
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ADC 36 Channels 1024 Title: SiRi_DE_36 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE36
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 37 Channels 1024 Title: SiRi_DE_37 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE37
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 38 Channels 1024 Title: SiRi_DE_38 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE38
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 39 Channels 1024 Title: SiRi_DE_39 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE39
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 40 Channels 1024 Title: SiRi_DE_40 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE40
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 41 Channels 1024 Title: SiRi_DE_41 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE41
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 42 Channels 1024 Title: SiRi_DE_42 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE42
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 43 Channels 1024 Title: SiRi_DE_43 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE43
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 44 Channels 1024 Title: SiRi_DE_44 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE44
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 45 Channels 1024 Title: SiRi_DE_45 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE45
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 46 Channels 1024 Title: SiRi_DE_46 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE46
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 47 Channels 1024 Title: SiRi_DE_47 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE47
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
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ADC 48 Channels 1024 Title: SiRi_DE_48 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE48
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 49 Channels 1024 Title: SiRi_DE_49 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE49
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 50 Channels 1024 Title: SiRi_DE_50 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE50
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 51 Channels 1024 Title: SiRi_DE_51 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE51
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 52 Channels 1024 Title: SiRi_DE_52 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE52
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 53 Channels 1024 Title: SiRi_DE_53 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE53
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 54 Channels 1024 Title: SiRi_DE_54 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE54
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 55 Channels 1024 Title: SiRi_DE_55 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE55
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 56 Channels 1024 Title: SiRi_DE_56 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE56
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 57 Channels 1024 Title: SiRi_DE_57 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE57
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 58 Channels 1024 Title: SiRi_DE_58 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE58
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 59 Channels 1024 Title: SiRi_DE_59 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE59
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
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ADC 60 Channels 1024 Title: SiRi_DE_60 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE60
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 61 Channels 1024 Title: SiRi_DE_61 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE61
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 62 Channels 1024 Title: SiRi_DE_62 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE62
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 63 Channels 1024 Title: SiRi_DE_63 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE63
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 64 Channels 1024 Title: SiRi_DE_64 Subspectra 1 Mode: Both
Detector Position: 0.0 mm at angle 0.00 Device ID: DE64
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
Coincidence Interface: 7 Coincidence Group: 1
ADC 1 Channels 2048 Title: SiRi_DE_E_01 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E01
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 2 Channels 2048 Title: SiRi_DE_E_02 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E02
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 3 Channels 2048 Title: SiRi_DE_E_03 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E03
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 4 Channels 2048 Title: SiRi_DE_E_04 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E04
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 5 Channels 2048 Title: SiRi_DE_E_05 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E05
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 6 Channels 2048 Title: SiRi_DE_E_06 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E06
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 7 Channels 2048 Title: SiRi_DE_E_07 Subspectra 1 Mode: Derived
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Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E07
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 8 Channels 2048 Title: SiRi_DE_E_08 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E08
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 9 Channels 2048 Title: SiRi_DE_E_09 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E09
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 10 Channels 2048 Title: SiRi_DE_E_10 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E10
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 11 Channels 2048 Title: SiRi_DE_E_11 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E11
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 12 Channels 2048 Title: SiRi_DE_E_12 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E12
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 13 Channels 2048 Title: SiRi_DE_E_13 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E13
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 14 Channels 2048 Title: SiRi_DE_E_14 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E14
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 15 Channels 2048 Title: SiRi_DE_E_15 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E15
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 16 Channels 2048 Title: SiRi_DE_E_16 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E16
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 17 Channels 2048 Title: SiRi_DE_E_17 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E17
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 18 Channels 2048 Title: SiRi_DE_E_18 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E18
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
139
ADC 19 Channels 2048 Title: SiRi_DE_E_19 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E19
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 20 Channels 2048 Title: SiRi_DE_E_20 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E20
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 21 Channels 2048 Title: SiRi_DE_E_21 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E21
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 22 Channels 2048 Title: SiRi_DE_E_22 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E22
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 23 Channels 2048 Title: SiRi_DE_E_23 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E23
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 24 Channels 2048 Title: SiRi_DE_E_24 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E24
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 25 Channels 2048 Title: SiRi_DE_E_25 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E25
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 26 Channels 2048 Title: SiRi_DE_E_26 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E26
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 27 Channels 2048 Title: SiRi_DE_E_27 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E27
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 28 Channels 2048 Title: SiRi_DE_E_28 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E28
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 29 Channels 2048 Title: SiRi_DE_E_29 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E29
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 30 Channels 2048 Title: SiRi_DE_E_30 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E30
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
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ADC 31 Channels 2048 Title: SiRi_DE_E_31 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E31
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 32 Channels 2048 Title: SiRi_DE_E_32 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E32
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 33 Channels 2048 Title: SiRi_DE_E_33 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E33
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 34 Channels 2048 Title: SiRi_DE_E_34 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E34
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 35 Channels 2048 Title: SiRi_DE_E_35 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E35
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 36 Channels 2048 Title: SiRi_DE_E_36 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E36
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 37 Channels 2048 Title: SiRi_DE_E_37 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E37
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 38 Channels 2048 Title: SiRi_DE_E_38 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E38
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 39 Channels 2048 Title: SiRi_DE_E_39 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E39
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 40 Channels 2048 Title: SiRi_DE_E_40 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E40
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 41 Channels 2048 Title: SiRi_DE_E_41 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E41
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 42 Channels 2048 Title: SiRi_DE_E_42 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E42
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
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ADC 43 Channels 2048 Title: SiRi_DE_E_43 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E43
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 44 Channels 2048 Title: SiRi_DE_E_44 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E44
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 45 Channels 2048 Title: SiRi_DE_E_45 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E45
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 46 Channels 2048 Title: SiRi_DE_E_46 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E46
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 47 Channels 2048 Title: SiRi_DE_E_47 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E47
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 48 Channels 2048 Title: SiRi_DE_E_48 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E48
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 49 Channels 2048 Title: SiRi_DE_E_49 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E49
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 50 Channels 2048 Title: SiRi_DE_E_50 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E50
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 51 Channels 2048 Title: SiRi_DE_E_51 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E51
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 52 Channels 2048 Title: SiRi_DE_E_52 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E52
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 53 Channels 2048 Title: SiRi_DE_E_53 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E53
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 54 Channels 2048 Title: SiRi_DE_E_54 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E54
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Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 55 Channels 2048 Title: SiRi_DE_E_55 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E55
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 56 Channels 2048 Title: SiRi_DE_E_56 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E56
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 57 Channels 2048 Title: SiRi_DE_E_57 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E57
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 58 Channels 2048 Title: SiRi_DE_E_58 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E58
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 59 Channels 2048 Title: SiRi_DE_E_59 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E59
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 60 Channels 2048 Title: SiRi_DE_E_60 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E60
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 61 Channels 2048 Title: SiRi_DE_E_61 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E61
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 62 Channels 2048 Title: SiRi_DE_E_62 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E62
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 63 Channels 2048 Title: SiRi_DE_E_63 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E63
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
ADC 64 Channels 2048 Title: SiRi_DE_E_64 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: DE_E64
Calibration: 0.0000E+00,8.0000E+00,0.0000E+00
Coincidence Interface: 8 Coincidence Group: 1
ADC 1 Channels 2048 Title: NaI_SE_01 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE01
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
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ADC 2 Channels 2048 Title: NaI_SE_02 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE02
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 3 Channels 2048 Title: NaI_SE_03 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE03
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 4 Channels 2048 Title: NaI_SE_04 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE04
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 5 Channels 2048 Title: NaI_SE_05 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE05
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 6 Channels 2048 Title: NaI_SE_06 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE06
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 7 Channels 2048 Title: NaI_SE_07 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE07
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 8 Channels 2048 Title: NaI_SE_08 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE08
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 9 Channels 2048 Title: NaI_SE_09 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE09
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 10 Channels 2048 Title: NaI_SE_10 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE10
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 11 Channels 2048 Title: NaI_SE_11 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE11
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 12 Channels 2048 Title: NaI_SE_12 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE12
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 13 Channels 2048 Title: NaI_SE_13 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE13
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
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ADC 14 Channels 2048 Title: NaI_SE_14 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE14
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 15 Channels 2048 Title: NaI_SE_15 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE15
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 16 Channels 2048 Title: NaI_SE_16 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE16
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 17 Channels 2048 Title: NaI_SE_17 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE17
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 18 Channels 2048 Title: NaI_SE_18 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE18
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 19 Channels 2048 Title: NaI_SE_19 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE19
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 20 Channels 2048 Title: NaI_SE_20 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE20
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 21 Channels 2048 Title: NaI_SE_21 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE21
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 22 Channels 2048 Title: NaI_SE_22 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE22
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 23 Channels 2048 Title: NaI_SE_23 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE23
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 24 Channels 2048 Title: NaI_SE_24 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE24
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 25 Channels 2048 Title: NaI_SE_25 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE25
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
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ADC 26 Channels 2048 Title: NaI_SE_26 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE26
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 27 Channels 2048 Title: NaI_SE_27 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE27
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 28 Channels 2048 Title: NaI_SE_28 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE28
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 29 Channels 2048 Title: NaI_SE_29 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE29
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 30 Channels 2048 Title: NaI_SE_30 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSE30
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
Coincidence Interface: 9 Coincidence Group: 1
ADC 1 Channels 2048 Title: NaI_SUME_01 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME01
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 2 Channels 2048 Title: NaI_SUME_02 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME02
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 3 Channels 2048 Title: NaI_SUME_03 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME03
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 4 Channels 2048 Title: NaI_SUME_04 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME04
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 5 Channels 2048 Title: NaI_SUME_05 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME05
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 6 Channels 2048 Title: NaI_SUME_06 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME06
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 7 Channels 2048 Title: NaI_SUME_07 Subspectra 1 Mode: Derived
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Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME07
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 8 Channels 2048 Title: NaI_SUME_08 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME08
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 9 Channels 2048 Title: NaI_SUME_09 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME09
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 10 Channels 2048 Title: NaI_SUME_10 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME10
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 11 Channels 2048 Title: NaI_SUME_11 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME11
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 12 Channels 2048 Title: NaI_SUME_12 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME12
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 13 Channels 2048 Title: NaI_SUME_13 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME13
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 14 Channels 2048 Title: NaI_SUME_14 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME14
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 15 Channels 2048 Title: NaI_SUME_15 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME15
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 16 Channels 2048 Title: NaI_SUME_16 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME16
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 17 Channels 2048 Title: NaI_SUME_17 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME17
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 18 Channels 2048 Title: NaI_SUME_18 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME18
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
147
ADC 19 Channels 2048 Title: NaI_SUME_19 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME19
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 20 Channels 2048 Title: NaI_SUME_20 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME20
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 21 Channels 2048 Title: NaI_SUME_21 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME21
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 22 Channels 2048 Title: NaI_SUME_22 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME22
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 23 Channels 2048 Title: NaI_SUME_23 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME23
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 24 Channels 2048 Title: NaI_SUME_24 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME24
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 25 Channels 2048 Title: NaI_SUME_25 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME25
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 26 Channels 2048 Title: NaI_SUME_26 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME26
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 27 Channels 2048 Title: NaI_SUME_27 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME27
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 28 Channels 2048 Title: NaI_SUME_28 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME28
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 29 Channels 2048 Title: NaI_SUME_29 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME29
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
ADC 30 Channels 2048 Title: NaI_SUME_30 Subspectra 1 Mode: Derived
Detector Position: 0.0 mm at angle 0.00 Device ID: GSUME30
Calibration: 0.0000E+00,1.6000E+01,0.0000E+00
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Appendix B
SiRisort.in
! file: 28Si_4.89_pgg.in 20/9/2015
! CACTUS & SiRi experiment, Oslo Cyclotron Laboratory
!
! Experimental definition ==============================================================
EXP Sirius_diff.exp
! ADC DeviceID Sorting Range: Physical/Sorted
! label
! 1.01 TPU TPU not used
! 1.02 CLCK CLOCK not used
!
! 2.01 : 2.28 SCxx SCALER not used
!
! 3.01 : 3.28 GTxx G_T_xx NaI TIME; Range: 4096/512
!
! 4.01 : 4.28 GExx G_E_xx NaI energy; Range: 4096/1024
!
! 5.01 : 5.08 Exx P_E_xx SiRi-E energy; Range: 4096/1024
!
! 6.01 : 6.64 DExx P_DE_xx SiRi-DE energy; Range: 4096/1024
!
! 7.01 : 7.64 EGxx P_Eg_xx SiRi-E energy gated by DE
!
! 8.01 : 8.64 EExx EDE_xx SiRi EDE (particle energy sum with banana gate)
!
! 9.01 : 9.28 GSxx G_sumE_xx NaI_SUM_E (gamma energy sum)
!
! 10.0 :10.28 GDxx G_difE_xx NaI_DIF_E (gamma energy difference)
! SCALE to gain match ADCS =============================================================
! NaI_T --------------------------------------------------------------------------------
! TDC prompt at channle 200
! Mod.Adc Mod.Adc Offset Gain
SCALE 3.01 3.01 +11.16 1.00000
SCALE 3.02 3.02 +14.53 1.00000
SCALE 3.03 3.03 -4.30 1.00000
SCALE 3.04 3.04 -39.80 1.00000
!SCALE 3.05 3.05 +0.00 1.00000
SCALE 3.06 3.06 +1.56 1.00000
SCALE 3.07 3.07 +3.36 1.00000
SCALE 3.08 3.08 -7.18 1.00000
!SCALE 3.09 3.09 +0.00 1.00000
!SCALE 3.10 3.10 +0.00 1.00000
SCALE 3.11 3.11 -1.36 1.00000
SCALE 3.12 3.12 -9.10 1.00000
!SCALE 3.13 3.13 +0.00 1.00000
SCALE 3.14 3.14 -4.02 1.00000
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SCALE 3.15 3.15 +1.13 1.00000
SCALE 3.16 3.16 +2.44 1.00000
SCALE 3.17 3.17 -9.14 1.00000
SCALE 3.18 3.18 -3.31 1.00000
SCALE 3.19 3.19 -0.20 1.00000
SCALE 3.20 3.20 -2.11 1.00000
SCALE 3.21 3.21 -1.79 1.00000
SCALE 3.22 3.22 -1.47 1.00000
SCALE 3.23 3.23 -7.01 1.00000
SCALE 3.24 3.24 -2.37 1.00000
SCALE 3.25 3.25 -1.32 1.00000
SCALE 3.26 3.26 -3.68 1.00000
SCALE 3.27 3.27 -5.69 1.00000
SCALE 3.28 3.28 -8.93 1.00000
SCALE 3.29 3.29 -9.40 1.00000
SCALE 3.30 3.30 -0.44 1.00000
! NaI_E --------------------------------------------------------------------------------
SCALE 4.01 4.01 -4.3 0.978087
SCALE 4.02 4.02 -4.1 0.972202
SCALE 4.03 4.03 +3.2 0.913904
SCALE 4.04 4.04 -2.0 0.916044
!SCALE 4.05 4.05
SCALE 4.06 4.06 -3.1 0.949122
SCALE 4.07 4.07 -2.2 0.946050
SCALE 4.08 4.08 -1.7 0.909072
!SCALE 4.09 4.09
!SCALE 4.10 4.10
SCALE 4.11 4.11 -2.4 0.938814
SCALE 4.12 4.12 -3.5 0.946050
!SCALE 4.13 4.13
SCALE 4.14 4.14 -5.6 0.904235
SCALE 4.15 4.15 -1.9 0.924670
SCALE 4.16 4.16 -2.8 0.921546
SCALE 4.17 4.17 -10.6 0.976143
SCALE 4.18 4.18 -0.4 0.873665
SCALE 4.19 4.19 -1.5 0.891107
SCALE 4.20 4.20 -1.9 0.902573
SCALE 4.21 4.21 -1.7 0.919475
SCALE 4.22 4.22 -1.9 0.889492
SCALE 4.23 4.23 -1.3 0.909259
SCALE 4.24 4.24 -1.5 0.867491
SCALE 4.25 4.25 -1.8 0.897996
SCALE 4.26 4.26 -1.9 0.890288
SCALE 4.27 4.27 -1.6 0.918669
SCALE 4.28 4.28 -1.8 0.943289
SCALE 4.29 4.29 -3.2 0.924074
SCALE 4.30 4.30 -2.4 0.952290
! SiRi_E gated by DE -------------------------------------------------------------------
SCALE 5.01 7.01 -14.6 1.18828
SCALE 5.01 7.02 -15.3 1.19115
SCALE 5.01 7.03 -16.1 1.19087
SCALE 5.01 7.04 -16.4 1.19050
SCALE 5.01 7.05 -16.1 1.19028
SCALE 5.01 7.06 -15.2 1.18897
SCALE 5.01 7.07 -11.8 1.18803
SCALE 5.01 7.08 -14.8 1.19245
SCALE 5.02 7.09 -4.7 1.21298
SCALE 5.02 7.10 +1.0 1.20896
SCALE 5.02 7.11 -3.7 1.20818
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SCALE 5.02 7.12 -8.3 1.21109
SCALE 5.02 7.13 -10.0 1.21195
SCALE 5.02 7.14 -8.5 1.21037
SCALE 5.02 7.15 -7.6 1.20953
SCALE 5.02 7.16 -5.9 1.20922
SCALE 5.03 7.17 -16.2 1.18600
SCALE 5.03 7.18 -19.0 1.18879
SCALE 5.03 7.19 -19.6 1.18846
SCALE 5.03 7.20 -17.7 1.18705
SCALE 5.03 7.21 -18.3 1.18899
SCALE 5.03 7.22 -18.0 1.18852
SCALE 5.03 7.23 -18.0 1.18773
SCALE 5.03 7.24 -15.5 1.18469
SCALE 5.04 7.25 -17.9 1.15189
SCALE 5.04 7.26 -18.5 1.15263
SCALE 5.04 7.27 -18.9 1.15287
SCALE 5.04 7.28 -19.0 1.15275
SCALE 5.04 7.29 -18.4 1.15166
SCALE 5.04 7.30 -19.4 1.15119
SCALE 5.04 7.31 -19.6 1.15182
SCALE 5.04 7.32 -15.5 1.14693
SCALE 5.05 7.33 -20.4 1.18124
SCALE 5.05 7.34 -20.7 1.18359
SCALE 5.05 7.35 -19.5 1.18308
SCALE 5.05 7.36 -19.2 1.18211
SCALE 5.05 7.37 -16.8 1.17989
SCALE 5.05 7.38 -17.0 1.17890
SCALE 5.05 7.39 -19.5 1.18018
SCALE 5.05 7.40 -16.5 1.17807
SCALE 5.06 7.41 -21.1 1.17703
SCALE 5.06 7.42 -21.5 1.17910
SCALE 5.06 7.43 -23.8 1.18010
SCALE 5.06 7.44 -25.2 1.18046
SCALE 5.06 7.45 -25.2 1.17960
SCALE 5.06 7.46 -25.2 1.17939
SCALE 5.06 7.47 -24.7 1.17845
SCALE 5.06 7.48 -20.4 1.17476
SCALE 5.07 7.49 -16.6 1.18229
SCALE 5.07 7.50 -17.4 1.18420
SCALE 5.07 7.51 -18.4 1.18401
SCALE 5.07 7.52 -18.9 1.18346
SCALE 5.07 7.53 -18.3 1.18207
SCALE 5.07 7.54 -17.9 1.18071
SCALE 5.07 7.55 -18.1 1.17915
SCALE 5.07 7.56 -16.6 1.17684
SCALE 5.08 7.57 -22.3 1.21684
SCALE 5.08 7.58 -22.1 1.21916
SCALE 5.08 7.59 -23.3 1.21863
SCALE 5.08 7.60 -23.5 1.21705
SCALE 5.08 7.61 -23.0 1.21774
SCALE 5.08 7.62 -22.3 1.21604
SCALE 5.08 7.63 -21.3 1.21411
SCALE 5.08 7.64 -19.2 1.21279
! SiRi_DE ....................................
SCALE 6.01 6.01 84.716 0.65032
SCALE 6.02 6.02 83.372 0.63373
SCALE 6.03 6.03 80.465 0.66177
SCALE 6.04 6.04 79.928 0.62945
SCALE 6.05 6.05 77.711 0.62924
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SCALE 6.06 6.06 76.132 0.62648
SCALE 6.07 6.07 73.709 0.63759
SCALE 6.08 6.08 71.846 0.64823
SCALE 6.09 6.09 89.689 0.61263
SCALE 6.10 6.10 84.136 0.63374
SCALE 6.11 6.11 82.275 0.62701
SCALE 6.12 6.12 80.466 0.63978
SCALE 6.13 6.13 78.155 0.63312
SCALE 6.14 6.14 75.512 0.66784
SCALE 6.15 6.15 75.329 0.62868
SCALE 6.16 6.16 72.018 0.64280
SCALE 6.17 6.17 77.001 0.65628
SCALE 6.18 6.18 80.300 0.64301
SCALE 6.19 6.19 80.912 0.64442
SCALE 6.20 6.20 77.702 0.62444
SCALE 6.21 6.21 75.839 0.65199
SCALE 6.22 6.22 74.415 0.65692
SCALE 6.23 6.23 70.928 0.67466
SCALE 6.24 6.24 70.725 0.63529
SCALE 6.25 6.25 79.769 0.62417
SCALE 6.26 6.26 80.729 0.63692
SCALE 6.27 6.27 79.786 0.65600
SCALE 6.28 6.28 77.333 0.64560
SCALE 6.29 6.29 75.174 0.65680
SCALE 6.30 6.30 71.426 0.64449
SCALE 6.31 6.31 69.384 0.64847
SCALE 6.32 6.32 67.234 0.64012
SCALE 6.33 6.33 74.046 0.62299
SCALE 6.34 6.34 74.689 0.60953
SCALE 6.35 6.35 74.910 0.61515
SCALE 6.36 6.36 73.743 0.61909
SCALE 6.37 6.37 71.035 0.63438
SCALE 6.38 6.38 65.398 0.61937
SCALE 6.39 6.39 65.501 0.62336
SCALE 6.40 6.40 57.705 0.63614
SCALE 6.41 6.41 71.991 0.62579
SCALE 6.42 6.42 72.853 0.62978
SCALE 6.43 6.43 69.104 0.62665
SCALE 6.44 6.44 70.495 0.63289
SCALE 6.45 6.45 63.893 0.61105
SCALE 6.46 6.46 68.359 0.61308
SCALE 6.47 6.47 63.531 0.62238
SCALE 6.48 6.48 63.383 0.66113
SCALE 6.49 6.49 73.355 0.64135
SCALE 6.50 6.50 68.177 0.61857
SCALE 6.51 6.51 62.762 0.62409
SCALE 6.52 6.52 64.932 0.63715
SCALE 6.53 6.53 65.819 0.61140
SCALE 6.54 6.54 64.616 0.60917
SCALE 6.55 6.55 60.550 0.61705
SCALE 6.56 6.56 61.731 0.63069
SCALE 6.57 6.57 72.847 0.6001
SCALE 6.58 6.58 73.856 0.59671
SCALE 6.59 6.59 67.835 0.59804
SCALE 6.60 6.60 67.381 0.63027
SCALE 6.61 6.61 64.787 0.60819
SCALE 6.62 6.62 63.562 0.63105
SCALE 6.63 6.63 59.026 0.60892
SCALE 6.64 6.64 61.088 0.62195
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! TWALK to gain match TDCS ============================================================
! Aim: Prompt time peak at channel=200
! TDC‘s 1-28 are gain mached; see SACLE commands above
! Prompt time peak position as a function of Gamma-ray energy (channels)
! Mod.Adc Mod.Adc A0 A1 A2 A3 A4
TWALK 3.00 4.00 2.1161E+02 -8.7846E-02 2.3021E-04 -2.5343E-07 -5.4751E-09
! SUMMED DE+E PROTON energy ============================================================
! Energy sum DE & E: DE_E={DE if E==0; EDE if E>0; 0 if DE == 0}
! DE E DE_E E E (for DE use SCALE command)
! Mod.Adc Mod.Adc Mod.Adc Offset Gain
SUM_DE_E 6.01 7.01 8.01 +0.00 1.00000
SUM_DE_E 6.02 7.02 8.02 +0.00 1.00000
SUM_DE_E 6.03 7.03 8.03 +0.00 1.00000
SUM_DE_E 6.04 7.04 8.04 +0.00 1.00000
SUM_DE_E 6.05 7.05 8.05 +0.00 1.00000
SUM_DE_E 6.06 7.06 8.06 +0.00 1.00000
SUM_DE_E 6.07 7.07 8.07 +0.00 1.00000
SUM_DE_E 6.08 7.08 8.08 +0.00 1.00000
SUM_DE_E 6.09 7.09 8.09 +0.00 1.00000
SUM_DE_E 6.10 7.10 8.10 +0.00 1.00000
SUM_DE_E 6.11 7.11 8.11 +0.00 1.00000
SUM_DE_E 6.12 7.12 8.12 +0.00 1.00000
SUM_DE_E 6.13 7.13 8.13 +0.00 1.00000
SUM_DE_E 6.14 7.14 8.14 +0.00 1.00000
SUM_DE_E 6.15 7.15 8.15 +0.00 1.00000
SUM_DE_E 6.16 7.16 8.16 +0.00 1.00000
SUM_DE_E 6.17 7.17 8.17 +0.00 1.00000
SUM_DE_E 6.18 7.18 8.18 +0.00 1.00000
SUM_DE_E 6.19 7.19 8.19 +0.00 1.00000
SUM_DE_E 6.20 7.20 8.20 +0.00 1.00000
SUM_DE_E 6.21 7.21 8.21 +0.00 1.00000
SUM_DE_E 6.22 7.22 8.22 +0.00 1.00000
SUM_DE_E 6.23 7.23 8.23 +0.00 1.00000
SUM_DE_E 6.24 7.24 8.24 +0.00 1.00000
SUM_DE_E 6.25 7.25 8.25 +0.00 1.00000
SUM_DE_E 6.26 7.26 8.26 +0.00 1.00000
SUM_DE_E 6.27 7.27 8.27 +0.00 1.00000
SUM_DE_E 6.28 7.28 8.28 +0.00 1.00000
SUM_DE_E 6.29 7.29 8.29 +0.00 1.00000
SUM_DE_E 6.30 7.30 8.30 +0.00 1.00000
SUM_DE_E 6.31 7.31 8.31 +0.00 1.00000
SUM_DE_E 6.32 7.32 8.32 +0.00 1.00000
SUM_DE_E 6.33 7.33 8.33 +0.00 1.00000
SUM_DE_E 6.34 7.34 8.34 +0.00 1.00000
SUM_DE_E 6.35 7.35 8.35 +0.00 1.00000
SUM_DE_E 6.36 7.36 8.36 +0.00 1.00000
SUM_DE_E 6.37 7.37 8.37 +0.00 1.00000
SUM_DE_E 6.38 7.38 8.38 +0.00 1.00000
SUM_DE_E 6.39 7.39 8.39 +0.00 1.00000
SUM_DE_E 6.40 7.40 8.40 +0.00 1.00000
SUM_DE_E 6.41 7.41 8.41 +0.00 1.00000
SUM_DE_E 6.42 7.42 8.42 +0.00 1.00000
SUM_DE_E 6.43 7.43 8.43 +0.00 1.00000
SUM_DE_E 6.44 7.44 8.44 +0.00 1.00000
SUM_DE_E 6.45 7.45 8.45 +0.00 1.00000
SUM_DE_E 6.46 7.46 8.46 +0.00 1.00000
SUM_DE_E 6.47 7.47 8.47 +0.00 1.00000
SUM_DE_E 6.48 7.48 8.48 +0.00 1.00000
SUM_DE_E 6.49 7.49 8.49 +0.00 1.00000
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SUM_DE_E 6.50 7.50 8.50 +0.00 1.00000
SUM_DE_E 6.51 7.51 8.51 +0.00 1.00000
SUM_DE_E 6.52 7.52 8.52 +0.00 1.00000
SUM_DE_E 6.53 7.53 8.53 +0.00 1.00000
SUM_DE_E 6.54 7.54 8.54 +0.00 1.00000
SUM_DE_E 6.55 7.55 8.55 +0.00 1.00000
SUM_DE_E 6.56 7.56 8.56 +0.00 1.00000
SUM_DE_E 6.57 7.57 8.57 +0.00 1.00000
SUM_DE_E 6.58 7.58 8.58 +0.00 1.00000
SUM_DE_E 6.59 7.59 8.59 +0.00 1.00000
SUM_DE_E 6.60 7.60 8.60 +0.00 1.00000
SUM_DE_E 6.61 7.61 8.61 +0.00 1.00000
SUM_DE_E 6.62 7.62 8.62 +0.00 1.00000
SUM_DE_E 6.63 7.63 8.63 +0.00 1.00000
SUM_DE_E 6.64 7.64 8.64 +0.00 1.00000
! Mod.Adc Mod.Adc Mod.Adc Offset Gain
SUM_ALL_ADC 4.01 4.30 9.01 !0.00 1.000
DIF_ALL_ADC 4.01 4.30 10.01 !0.00 1.000
! GATES ================================================================================
! SiRi DE-E Banana gate in [keV] -------------------------------------------------------
! Mod1.Adc1 Mod2.Adc2 Label Width Coef#1 Coef#2 Coef#3 Coef#4
GATE_DE_E 6.00 7.00 bEDE 650.0 3.9946E+03 -5.2425E-01 4.3504E-05 -1.2845E-09
! GATES ================================================================================
! G energy ---------------------------------------------- ! based Eg=0.0+16 keV/ch * Xch
! Mod1.Adc1 Label Lower Upper
GATE 4.00 GE_1.8 101 121 !# 1.78 MeV state
GATE 4.00 GE_3.2 185 213 !# 3.20 MeV state
GATE 4.00 GE 101 213 ! [3.2:1.78] range
! EDE summed energy -------------------------------------
GATE 8.00 EDE_4.7_Pr 578 604 ! 4.89 MeV state; EP=4.7 MeV
GATE 8.00 EDE_4.7_Bg 539 548 ! -- background
! G1+G2 summed energy ------------------------------------
GATE 9.01 GES_4.7 300 323 ! 1.78 MeV + 3.20 MeV
GATE 9.01 GES_4.7Bg 330 353 ! -- background
! G1-G2 energy difference --------------------------------
GATE 10.01 GED_4.7L 912 953 ! 1.78 MeV - 3.20 MeV
GATE 10.01 GED_4.7U 1098 1134 ! 3.20 MeV - 1.78 MeV
! TDC GATES
GATE 3.00 GT_Pr 194 209 ! NaI_T - Prompt
GATE 3.00 GT_Bg 138 153 ! -- background
! 2D-SORTS =============================================================================
! NaI Energy vs, energy
! X-Mod.Adc Y-Mod.Adc Gates
SORT2D 4.00 4.00 bEDE EDE_4.7_Pr ! 1
SORT2D- 4.00 4.00 bEDE EDE_4.7_Bg
SORT2D 4.00 4.00 bEDE GT_Pr ! 2
SORT2D- 4.00 4.00 bEDE GT_Bg
SORT2D 4.00 4.00 bEDE EDE_4.7_Pr GT_Pr ! 3
SORT2D- 4.00 4.00 bEDE EDE_4.7_Bg GT_Pr
SORT2D- 4.00 4.00 bEDE EDE_4.7_Pr GT_Bg
SORT2D+ 4.00 4.00 bEDE EDE_4.7_Bg GT_Bg
SORT2D 4.00 4.00 bEDE EDE_4.7_Pr GT_Pr GES_4.7 ! 4
SORT2D- 4.00 4.00 bEDE EDE_4.7_Bg GT_Pr GES_4.7
SORT2D- 4.00 4.00 bEDE EDE_4.7_Pr GT_Bg GES_4.7
SORT2D+ 4.00 4.00 bEDE EDE_4.7_Bg GT_Bg GES_4.7
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SORT2D 4.00 4.00 bEDE GT_Pr GES_4.7 ! 5
SORT2D- 4.00 4.00 bEDE GT_Bg GES_4.7
SORT2D 4.00 4.00 bEDE GT_Pr GED_4.7L ! 6
SORT2D- 4.00 4.00 bEDE GT_Bg GED_4.7L
SORT2D 4.00 4.00 bEDE EDE_4.7_Pr GT_Pr GES_4.7 ! 7
SORT2D 4.00 4.00 bEDE EDE_4.7_Bg GT_Pr GES_4.7 ! 8
SORT2D 4.00 4.00 bEDE EDE_4.7_Pr GT_Bg GES_4.7 ! 9
SORT2D 4.00 4.00 bEDE EDE_4.7_Bg GT_Bg GES_4.7 ! 10
SORT2D 4.00 4.00 bEDE EDE_4.7_Pr GT_Pr GES_4.7Bg ! 11
SORT2D 4.00 4.00 bEDE EDE_4.7_Bg GT_Bg GES_4.7Bg ! 12
SORT2D 4.00 4.00 bEDE EDE_4.7_Pr GT_Pr GES_4.7 GED_4.7L ! 13
SORT2D+ 4.00 4.00 bEDE EDE_4.7_Pr GT_Pr GES_4.7 GED_4.7U
SORT2D 4.00 4.00 bEDE EDE_4.7_Bg GT_Pr GES_4.7 GED_4.7L ! 14
SORT2D+ 4.00 4.00 bEDE EDE_4.7_Bg GT_Pr GES_4.7 GED_4.7U
SORT2D 4.00 4.00 bEDE EDE_4.7_Pr GT_Bg GES_4.7 GED_4.7L ! 15
SORT2D+ 4.00 4.00 bEDE EDE_4.7_Pr GT_Bg GES_4.7 GED_4.7U
SORT2D 4.00 4.00 bEDE EDE_4.7_Bg GT_Bg GES_4.7 GED_4.7L ! 16
SORT2D+ 4.00 4.00 bEDE EDE_4.7_Bg GT_Bg GES_4.7 GED_4.7U
SORT2D 4.00 4.00 bEDE EDE_4.7_Pr GT_Pr GES_4.7Bg GED_4.7L ! 17
SORT2D+ 4.00 4.00 bEDE EDE_4.7_Pr GT_Pr GES_4.7Bg GED_4.7U
SORT2D 4.00 4.00 bEDE EDE_4.7_Pr GT_Pr GES_4.7 !18
SORT2D- 4.00 4.00 bEDE EDE_4.7_Bg GT_Pr GES_4.7
SORT2D- 4.00 4.00 bEDE EDE_4.7_Pr GT_Bg GES_4.7
SORT2D+ 4.00 4.00 bEDE EDE_4.7_Bg GT_Bg GES_4.7
SORT2D 4.00 4.00 bEDE EDE_4.7_Pr GT_Pr GES_4.7 !19
SORT2D- 4.00 4.00 bEDE EDE_4.7_Bg GT_Pr GES_4.7
SORT2D- 4.00 4.00 bEDE EDE_4.7_Pr GT_Bg GES_4.7
SORT2D- 4.00 4.00 bEDE EDE_4.7_Pr GT_Pr GES_4.7Bg
SORT2D+ 4.00 4.00 bEDE EDE_4.7_Bg GT_Bg GES_4.7Bg
SORT2D 4.00 4.00 bEDE EDE_4.7_Pr GT_Pr GES_4.7 GED_4.7L !20
SORT2D+ 4.00 4.00 bEDE EDE_4.7_Pr GT_Pr GES_4.7 GED_4.7U
SORT2D- 4.00 4.00 bEDE EDE_4.7_Bg GT_Pr GES_4.7 GED_4.7L
SORT2D- 4.00 4.00 bEDE EDE_4.7_Bg GT_Pr GES_4.7 GED_4.7U
SORT2D- 4.00 4.00 bEDE EDE_4.7_Pr GT_Bg GES_4.7 GED_4.7L
SORT2D- 4.00 4.00 bEDE EDE_4.7_Pr GT_Bg GES_4.7 GED_4.7U
SORT2D+ 4.00 4.00 bEDE EDE_4.7_Bg GT_Bg GES_4.7 GED_4.7L
SORT2D+ 4.00 4.00 bEDE EDE_4.7_Bg GT_Bg GES_4.7 GED_4.7U
! GT - NaI-DE time difference-----------------------------------------------------
SORT2D 3.00 8.00 ! 21
SORT2D 3.00 8.00 GE ! 22
SORT2D 3.00 8.00 bEDE GE ! 23
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SORT2D 8.00 3.00 ! 24
SORT2D 8.00 3.00 GE ! 25
SORT2D 8.00 3.00 bEDE GE ! 26
!========SORT1D
SORT1D 3.00 EDE_4.7_Pr GE !27
SORT1D- 3.00 EDE_4.7_Bg GE
SORT1D 3.00 bEDE EDE_4.7_Pr GE !28
SORT1D- 3.00 bEDE EDE_4.7_Bg GE
SORT1D 3.00 EDE_4.7_Pr GE GES_4.7 GED_4.7U !29
SORT1D+ 3.00 EDE_4.7_Pr GE GES_4.7 GED_4.7L
SORT1D- 3.00 EDE_4.7_Bg GE GES_4.7 GED_4.7U
SORT1D- 3.00 EDE_4.7_Bg GE GES_4.7 GED_4.7L
SORT1D 3.00 bEDE EDE_4.7_Pr GE GES_4.7 GED_4.7U !30
SORT1D+ 3.00 bEDE EDE_4.7_Pr GE GES_4.7 GED_4.7L
SORT1D- 3.00 bEDE EDE_4.7_Bg GE GES_4.7 GED_4.7U
SORT1D- 3.00 bEDE EDE_4.7_Bg GE GES_4.7 GED_4.7L
!====================
SORT1D 4.00 !31
SORT1D 4.00 bEDE !32
SORT1D 4.00 EDE_4.7_Pr !33
SORT1D- 4.00 EDE_4.7_Bg
SORT1D 4.00 bEDE EDE_4.7_Pr !34
SORT1D 4.00 GT_Pr !35
SORT1D- 4.00 GT_Bg
SORT1D 4.00 bEDE GT_Pr !36
SORT1D- 4.00 bEDE GT_Bg
SORT1D 4.00 EDE_4.7_Pr GT_Pr !37
SORT1D- 4.00 EDE_4.7_Pr GT_Bg
SORT1D- 4.00 EDE_4.7_Bg GT_Pr
SORT1D+ 4.00 EDE_4.7_Bg GT_Bg
SORT1D 4.00 bEDE EDE_4.7_Pr GT_Pr !38
SORT1D- 4.00 bEDE EDE_4.7_Pr GT_Bg
SORT1D 4.00 EDE_4.7_Pr GT_Pr GES_4.7 !39
SORT1D- 4.00 EDE_4.7_Pr GT_Bg GES_4.7
SORT1D 4.00 EDE_4.7_Pr GT_Pr GES_4.7 GED_4.7L !40
SORT1D+ 4.00 EDE_4.7_Pr GT_Pr GES_4.7 GED_4.7U
SORT1D- 4.00 EDE_4.7_Pr GT_Bg GES_4.7 GED_4.7L
SORT1D- 4.00 EDE_4.7_Pr GT_Bg GES_4.7 GED_4.7U
SORT1D- 4.00 EDE_4.7_Bg GT_Pr GES_4.7 GED_4.7L
SORT1D- 4.00 EDE_4.7_Bg GT_Pr GES_4.7 GED_4.7U
SORT1D+ 4.00 EDE_4.7_Bg GT_Bg GES_4.7 GED_4.7L
SORT1D+ 4.00 EDE_4.7_Bg GT_Bg GES_4.7 GED_4.7U
!==================
SORT1D 9.01 bEDE EDE_4.7_Pr !41 !42
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SORT1D 9.01 bEDE !42
SORT1D 9.01 EDE_4.7_Pr !43
SORT1D- 9.01 EDE_4.7_Bg
SORT1D 9.01 bEDE EDE_4.7_Pr !44
SORT1D- 9.01 bEDE EDE_4.7_Bg
SORT1D 9.01 GT_Pr !45
SORT1D- 9.01 GT_Bg
SORT1D 9.01 bEDE GT_Pr !46
SORT1D- 9.01 bEDE GT_Bg
SORT1D 9.01 EDE_4.7_Pr GT_Pr !47
SORT1D- 9.01 EDE_4.7_Pr GT_Bg
SORT1D- 9.01 EDE_4.7_Bg GT_Pr
SORT1D+ 9.01 EDE_4.7_Bg GT_Bg
SORT1D 9.01 GE_1.8 GE_3.2 EDE_4.7_Pr GT_Pr !48
SORT1D- 9.01 GE_1.8 GE_3.2 EDE_4.7_Pr GT_Bg
SORT1D- 9.01 GE_1.8 GE_3.2 EDE_4.7_Bg GT_Pr
SORT1D+ 9.01 GE_1.8 GE_3.2 EDE_4.7_Bg GT_Bg
SORT1D 9.01 EDE_4.7_Pr GT_Pr GED_4.7L !49
SORT1D+ 9.01 EDE_4.7_Pr GT_Pr GED_4.7U
SORT1D- 9.01 EDE_4.7_Pr GT_Bg GED_4.7L
SORT1D- 9.01 EDE_4.7_Pr GT_Bg GED_4.7U
SORT1D- 9.01 EDE_4.7_Bg GT_Pr GED_4.7L
SORT1D- 9.01 EDE_4.7_Bg GT_Pr GED_4.7U
SORT1D+ 9.01 EDE_4.7_Bg GT_Bg GED_4.7L
SORT1D+ 9.01 EDE_4.7_Bg GT_Bg GED_4.7U
SORT1D 9.01 bEDE EDE_4.7_Pr GT_Pr GED_4.7L !50
SORT1D+ 9.01 bEDE EDE_4.7_Pr GT_Pr GED_4.7U
SORT1D- 9.01 bEDE EDE_4.7_Pr GT_Bg GED_4.7L
SORT1D- 9.01 bEDE EDE_4.7_Pr GT_Bg GED_4.7U
SORT1D- 9.01 bEDE EDE_4.7_Bg GT_Pr GED_4.7L
SORT1D- 9.01 bEDE EDE_4.7_Bg GT_Pr GED_4.7U
SORT1D+ 9.01 bEDE EDE_4.7_Bg GT_Bg GED_4.7L
SORT1D+ 9.01 bEDE EDE_4.7_Bg GT_Bg GED_4.7U
!==========================
SORT1D 10.01 !51
SORT1D 10.01 bEDE !52
SORT1D 10.01 EDE_4.7_Pr !53
SORT1D- 10.01 EDE_4.7_Bg
SORT1D 10.01 bEDE EDE_4.7_Pr !54
SORT1D- 10.01 bEDE EDE_4.7_Bg
SORT1D 10.01 GT_Pr !55
SORT1D- 10.01 GT_Bg
SORT1D 10.01 bEDE GT_Pr !56
SORT1D- 10.01 bEDE GT_Bg
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SORT1D 10.01 EDE_4.7_Pr GT_Pr !57
SORT1D- 10.01 EDE_4.7_Pr GT_Bg
SORT1D- 10.01 EDE_4.7_Bg GT_Pr
SORT1D+ 10.01 EDE_4.7_Bg GT_Bg
SORT1D 10.01 GE_1.8 GE_3.2 EDE_4.7_Pr GT_Pr !58
SORT1D- 10.01 GE_1.8 GE_3.2 EDE_4.7_Pr GT_Bg
SORT1D- 10.01 GE_1.8 GE_3.2 EDE_4.7_Bg GT_Pr
SORT1D+ 10.01 GE_1.8 GE_3.2 EDE_4.7_Bg GT_Bg
SORT1D 10.01 EDE_4.7_Pr GT_Pr GES_4.7 !59
SORT1D- 10.01 EDE_4.7_Pr GT_Bg GES_4.7
SORT1D- 10.01 EDE_4.7_Bg GT_Pr GES_4.7
SORT1D+ 10.01 EDE_4.7_Bg GT_Bg GES_4.7
SORT1D 10.01 bEDE EDE_4.7_Pr GT_Pr GES_4.7 !60
SORT1D- 10.01 bEDE EDE_4.7_Pr GT_Bg GES_4.7
SORT1D- 10.01 bEDE EDE_4.7_Bg GT_Pr GES_4.7
SORT1D+ 10.01 bEDE EDE_4.7_Bg GT_Bg GES_4.7
!=======================
SORT1D 8.00 !61
SORT1D 8.00 bEDE !62
SORT1D 8.00 GE !63
SORT1D 8.00 bEDE GE !64
SORT1D 8.00 GT_Pr !65
SORT1D- 8.00 GT_Bg
SORT1D 8.00 bEDE GT_Pr !66
SORT1D- 8.00 bEDE GT_Bg
SORT1D 8.00 GE GT_Pr !67
SORT1D- 8.00 GE GT_Bg
SORT1D 8.00 bEDE GE_1.8 GE_3.2 GT_Pr !68
SORT1D- 8.00 bEDE GE_1.8 GE_3.2 GT_Bg
SORT1D 8.00 GE GT_Pr GES_4.7 !69
SORT1D- 8.00 GE GT_Bg GES_4.7
SORT1D 8.00 bEDE GE GT_Pr GES_4.7 !70
SORT1D- 8.00 bEDE GE GT_Bg GES_4.7
SORT1D 8.00 GE GT_Pr GES_4.7 GED_4.7L !71
SORT1D+ 8.00 GE GT_Pr GES_4.7 GED_4.7U
SORT1D- 8.00 GE GT_Bg GES_4.7 GED_4.7L
SORT1D- 8.00 GE GT_Bg GES_4.7 GED_4.7U
SORT1D 8.00 bEDE GE GT_Pr GES_4.7 GED_4.7L !72
SORT1D+ 8.00 bEDE GE GT_Pr GES_4.7 GED_4.7U
SORT1D- 8.00 bEDE GE GT_Bg GES_4.7 GED_4.7L
SORT1D- 8.00 bEDE GE GT_Bg GES_4.7 GED_4.7U
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SORT1D 8.00 bEDE GT_Pr !73
SORT1D- 8.00 bEDE GT_Bg
!==================
! Lists Raw DCP data ----------------------------------------------------------
!LISTRUN
!LISTSORT 2
! RUN files to be sorted ------------------------------------------------------
! File IniRec FinRec
RUN c:\Oslo\sirius-20140116-151431.data
RUN c:\Oslo\sirius-20140120-092949.data
RUN c:\Oslo\sirius-20140120-092949-big-000.data
RUN c:\Oslo\sirius-20140120-092949-big-001.data
RUN c:\Oslo\sirius-20140120-092949-big-002.data
! DCP spectrum file with projections --------------------------------------------------
NEWPROJ 28si_4.98_pgg.spc
END ! Must be the last command given
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Appendix C
Angle diﬀerences in the CACTUS
array
--------------------------------------------------------------------------------------
List of angle differences in the CACTUS array
Angle(deg) cosine G1 ( theta , phi ) G2 ( theta , phi )
--------------------------------------------------------------------------------------
180.00 -1.0000 1 ( 142.6 , 324.0 ) 23 ( 37.4 , 144.0 )
180.00 -1.0000 2 ( 142.6 , 36.0 ) 25 ( 37.4 , 216.0 )
180.00 -1.0000 4 ( 142.6 , 180.0 ) 27 ( 37.4 , 0.0 )
180.00 -1.0000 8 ( 116.6 , 0.0 ) 24 ( 63.4 , 180.0 )
180.00 -1.0000 3 ( 116.6 , 144.0 ) 20 ( 63.4 , 324.0 )
180.00 -1.0000 29 ( 116.6 , 216.0 ) 21 ( 63.4 , 36.0 )
180.00 -1.0000 6 ( 116.6 , 288.0 ) 22 ( 63.4 , 108.0 )
180.00 -1.0000 11 ( 100.7 , 108.0 ) 14 ( 79.3 , 288.0 )
180.00 -1.0000 12 ( 100.7 , 180.0 ) 15 ( 79.3 , 0.0 )
179.98 -1.0000 7 ( 100.7 , 324.0 ) 17 ( 79.3 , 144.0 )
179.98 -1.0000 16 ( 100.7 , 36.0 ) 18 ( 79.3 , 216.0 )
142.70 -0.7955 8 ( 116.6 , 0.0 ) 12 ( 100.7 , 180.0 )
142.70 -0.7955 3 ( 116.6 , 144.0 ) 7 ( 100.7 , 324.0 )
142.70 -0.7955 6 ( 116.6 , 288.0 ) 11 ( 100.7 , 108.0 )
142.70 -0.7955 15 ( 79.3 , 0.0 ) 24 ( 63.4 , 180.0 )
142.70 -0.7955 17 ( 79.3 , 144.0 ) 20 ( 63.4 , 324.0 )
142.70 -0.7955 18 ( 79.3 , 216.0 ) 21 ( 63.4 , 36.0 )
142.70 -0.7955 14 ( 79.3 , 288.0 ) 22 ( 63.4 , 108.0 )
142.70 -0.7955 29 ( 116.6 , 216.0 ) 16 ( 100.7 , 36.0 )
142.66 -0.7951 8 ( 116.6 , 0.0 ) 23 ( 37.4 , 144.0 )
142.66 -0.7951 8 ( 116.6 , 0.0 ) 25 ( 37.4 , 216.0 )
142.66 -0.7951 3 ( 116.6 , 144.0 ) 27 ( 37.4 , 0.0 )
142.66 -0.7951 3 ( 116.6 , 144.0 ) 26 ( 37.4 , 288.0 )
142.66 -0.7951 29 ( 116.6 , 216.0 ) 27 ( 37.4 , 0.0 )
142.66 -0.7951 6 ( 116.6 , 288.0 ) 23 ( 37.4 , 144.0 )
142.66 -0.7951 2 ( 142.6 , 36.0 ) 19 ( 63.4 , 252.0 )
142.66 -0.7951 4 ( 142.6 , 180.0 ) 20 ( 63.4 , 324.0 )
142.66 -0.7951 1 ( 142.6 , 324.0 ) 24 ( 63.4 , 180.0 )
142.66 -0.7951 6 ( 116.6 , 288.0 ) 28 ( 37.4 , 72.0 )
142.66 -0.7951 1 ( 142.6 , 324.0 ) 22 ( 63.4 , 108.0 )
142.66 -0.7951 4 ( 142.6 , 180.0 ) 21 ( 63.4 , 36.0 )
142.66 -0.7951 29 ( 116.6 , 216.0 ) 28 ( 37.4 , 72.0 )
142.66 -0.7951 2 ( 142.6 , 36.0 ) 24 ( 63.4 , 180.0 )
142.56 -0.7939 8 ( 116.6 , 0.0 ) 17 ( 79.3 , 144.0 )
142.56 -0.7939 8 ( 116.6 , 0.0 ) 18 ( 79.3 , 216.0 )
142.56 -0.7939 3 ( 116.6 , 144.0 ) 15 ( 79.3 , 0.0 )
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162 Angle diﬀerences in the CACTUS array
--------------------------------------------------------------------------------------
List of angle differences in the CACTUS array-continued
Angle(deg) cosine G1 ( theta , phi ) G2 ( theta , phi )
--------------------------------------------------------------------------------------
142.56 -0.7939 29 ( 116.6 , 216.0 ) 15 ( 79.3 , 0.0 )
142.56 -0.7939 16 ( 100.7 , 36.0 ) 19 ( 63.4 , 252.0 )
142.56 -0.7939 11 ( 100.7 , 108.0 ) 20 ( 63.4 , 324.0 )
142.56 -0.7939 12 ( 100.7 , 180.0 ) 20 ( 63.4 , 324.0 )
142.56 -0.7939 30 ( 100.7 , 252.0 ) 21 ( 63.4 , 36.0 )
142.56 -0.7939 3 ( 116.6 , 144.0 ) 14 ( 79.3 , 288.0 )
142.56 -0.7939 6 ( 116.6 , 288.0 ) 17 ( 79.3 , 144.0 )
142.56 -0.7939 7 ( 100.7 , 324.0 ) 22 ( 63.4 , 108.0 )
142.56 -0.7939 7 ( 100.7 , 324.0 ) 24 ( 63.4 , 180.0 )
142.56 -0.7939 11 ( 100.7 , 108.0 ) 19 ( 63.4 , 252.0 )
142.56 -0.7939 12 ( 100.7 , 180.0 ) 21 ( 63.4 , 36.0 )
142.56 -0.7939 30 ( 100.7 , 252.0 ) 22 ( 63.4 , 108.0 )
142.56 -0.7939 16 ( 100.7 , 36.0 ) 24 ( 63.4 , 180.0 )
138.30 -0.7467 7 ( 100.7 , 324.0 ) 12 ( 100.7 , 180.0 )
138.30 -0.7467 16 ( 100.7 , 36.0 ) 30 ( 100.7 , 252.0 )
138.30 -0.7467 7 ( 100.7 , 324.0 ) 11 ( 100.7 , 108.0 )
138.30 -0.7467 16 ( 100.7 , 36.0 ) 12 ( 100.7 , 180.0 )
138.30 -0.7467 11 ( 100.7 , 108.0 ) 30 ( 100.7 , 252.0 )
138.30 -0.7467 15 ( 79.3 , 0.0 ) 17 ( 79.3 , 144.0 )
138.30 -0.7467 15 ( 79.3 , 0.0 ) 18 ( 79.3 , 216.0 )
138.30 -0.7467 17 ( 79.3 , 144.0 ) 14 ( 79.3 , 288.0 )
138.17 -0.7451 4 ( 142.6 , 180.0 ) 26 ( 37.4 , 288.0 )
138.17 -0.7451 2 ( 142.6 , 36.0 ) 23 ( 37.4 , 144.0 )
138.17 -0.7451 1 ( 142.6 , 324.0 ) 28 ( 37.4 , 72.0 )
138.17 -0.7451 1 ( 142.6 , 324.0 ) 25 ( 37.4 , 216.0 )
138.17 -0.7451 4 ( 142.6 , 180.0 ) 28 ( 37.4 , 72.0 )
138.17 -0.7451 2 ( 142.6 , 36.0 ) 26 ( 37.4 , 288.0 )
138.10 -0.7443 7 ( 100.7 , 324.0 ) 23 ( 37.4 , 144.0 )
138.10 -0.7443 11 ( 100.7 , 108.0 ) 26 ( 37.4 , 288.0 )
138.10 -0.7443 12 ( 100.7 , 180.0 ) 27 ( 37.4 , 0.0 )
138.10 -0.7443 1 ( 142.6 , 324.0 ) 17 ( 79.3 , 144.0 )
138.10 -0.7443 16 ( 100.7 , 36.0 ) 25 ( 37.4 , 216.0 )
138.10 -0.7443 4 ( 142.6 , 180.0 ) 15 ( 79.3 , 0.0 )
138.10 -0.7443 30 ( 100.7 , 252.0 ) 28 ( 37.4 , 72.0 )
138.10 -0.7443 2 ( 142.6 , 36.0 ) 18 ( 79.3 , 216.0 )
116.59 -0.4476 6 ( 116.6 , 288.0 ) 24 ( 63.4 , 180.0 )
116.59 -0.4476 8 ( 116.6 , 0.0 ) 19 ( 63.4 , 252.0 )
116.59 -0.4476 3 ( 116.6 , 144.0 ) 21 ( 63.4 , 36.0 )
116.59 -0.4476 29 ( 116.6 , 216.0 ) 20 ( 63.4 , 324.0 )
116.59 -0.4476 8 ( 116.6 , 0.0 ) 22 ( 63.4 , 108.0 )
116.59 -0.4476 29 ( 116.6 , 216.0 ) 22 ( 63.4 , 108.0 )
116.59 -0.4476 6 ( 116.6 , 288.0 ) 21 ( 63.4 , 36.0 )
116.59 -0.4476 3 ( 116.6 , 144.0 ) 19 ( 63.4 , 252.0 )
116.51 -0.4463 20 ( 63.4 , 324.0 ) 22 ( 63.4 , 108.0 )
116.51 -0.4463 21 ( 63.4 , 36.0 ) 19 ( 63.4 , 252.0 )
116.51 -0.4463 22 ( 63.4 , 108.0 ) 19 ( 63.4 , 252.0 )
116.51 -0.4463 20 ( 63.4 , 324.0 ) 24 ( 63.4 , 180.0 )
116.51 -0.4463 21 ( 63.4 , 36.0 ) 24 ( 63.4 , 180.0 )
116.51 -0.4463 8 ( 116.6 , 0.0 ) 3 ( 116.6 , 144.0 )
116.51 -0.4463 8 ( 116.6 , 0.0 ) 29 ( 116.6 , 216.0 )
116.51 -0.4463 3 ( 116.6 , 144.0 ) 6 ( 116.6 , 288.0 )
163
--------------------------------------------------------------------------------------
List of angle differences in the CACTUS array-continued
Angle(deg) cosine G1 ( theta , phi ) G2 ( theta , phi )
--------------------------------------------------------------------------------------
109.59 -0.3353 1 ( 142.6 , 324.0 ) 12 ( 100.7 , 180.0 )
109.59 -0.3353 15 ( 79.3 , 0.0 ) 23 ( 37.4 , 144.0 )
109.59 -0.3353 15 ( 79.3 , 0.0 ) 25 ( 37.4 , 216.0 )
109.59 -0.3353 4 ( 142.6 , 180.0 ) 7 ( 100.7 , 324.0 )
109.59 -0.3353 1 ( 142.6 , 324.0 ) 11 ( 100.7 , 108.0 )
109.59 -0.3353 17 ( 79.3 , 144.0 ) 27 ( 37.4 , 0.0 )
109.59 -0.3353 17 ( 79.3 , 144.0 ) 26 ( 37.4 , 288.0 )
109.59 -0.3353 18 ( 79.3 , 216.0 ) 27 ( 37.4 , 0.0 )
109.59 -0.3353 2 ( 142.6 , 36.0 ) 30 ( 100.7 , 252.0 )
109.59 -0.3353 14 ( 79.3 , 288.0 ) 23 ( 37.4 , 144.0 )
109.59 -0.3353 4 ( 142.6 , 180.0 ) 16 ( 100.7 , 36.0 )
109.59 -0.3353 14 ( 79.3 , 288.0 ) 28 ( 37.4 , 72.0 )
109.59 -0.3353 2 ( 142.6 , 36.0 ) 12 ( 100.7 , 180.0 )
109.59 -0.3353 18 ( 79.3 , 216.0 ) 28 ( 37.4 , 72.0 )
109.44 -0.3328 12 ( 100.7 , 180.0 ) 14 ( 79.3 , 288.0 )
109.44 -0.3328 30 ( 100.7 , 252.0 ) 15 ( 79.3 , 0.0 )
109.44 -0.3328 16 ( 100.7 , 36.0 ) 17 ( 79.3 , 144.0 )
109.44 -0.3328 7 ( 100.7 , 324.0 ) 18 ( 79.3 , 216.0 )
109.44 -0.3328 11 ( 100.7 , 108.0 ) 15 ( 79.3 , 0.0 )
109.44 -0.3328 11 ( 100.7 , 108.0 ) 18 ( 79.3 , 216.0 )
109.44 -0.3328 30 ( 100.7 , 252.0 ) 17 ( 79.3 , 144.0 )
109.44 -0.3328 16 ( 100.7 , 36.0 ) 14 ( 79.3 , 288.0 )
109.43 -0.3326 2 ( 142.6 , 36.0 ) 28 ( 37.4 , 72.0 )
109.43 -0.3326 1 ( 142.6 , 324.0 ) 27 ( 37.4 , 0.0 )
109.43 -0.3326 2 ( 142.6 , 36.0 ) 27 ( 37.4 , 0.0 )
109.43 -0.3326 4 ( 142.6 , 180.0 ) 25 ( 37.4 , 216.0 )
109.43 -0.3326 1 ( 142.6 , 324.0 ) 26 ( 37.4 , 288.0 )
109.43 -0.3326 4 ( 142.6 , 180.0 ) 23 ( 37.4 , 144.0 )
109.39 -0.3319 4 ( 142.6 , 180.0 ) 14 ( 79.3 , 288.0 )
109.39 -0.3319 12 ( 100.7 , 180.0 ) 26 ( 37.4 , 288.0 )
109.39 -0.3319 2 ( 142.6 , 36.0 ) 17 ( 79.3 , 144.0 )
109.39 -0.3319 1 ( 142.6 , 324.0 ) 18 ( 79.3 , 216.0 )
109.39 -0.3319 16 ( 100.7 , 36.0 ) 23 ( 37.4 , 144.0 )
109.39 -0.3319 7 ( 100.7 , 324.0 ) 25 ( 37.4 , 216.0 )
109.39 -0.3319 30 ( 100.7 , 252.0 ) 27 ( 37.4 , 0.0 )
109.39 -0.3319 7 ( 100.7 , 324.0 ) 28 ( 37.4 , 72.0 )
109.39 -0.3319 2 ( 142.6 , 36.0 ) 14 ( 79.3 , 288.0 )
109.39 -0.3319 11 ( 100.7 , 108.0 ) 27 ( 37.4 , 0.0 )
109.39 -0.3319 11 ( 100.7 , 108.0 ) 25 ( 37.4 , 216.0 )
109.39 -0.3319 16 ( 100.7 , 36.0 ) 26 ( 37.4 , 288.0 )
109.39 -0.3319 12 ( 100.7 , 180.0 ) 28 ( 37.4 , 72.0 )
109.39 -0.3319 30 ( 100.7 , 252.0 ) 23 ( 37.4 , 144.0 )
100.86 -0.1884 6 ( 116.6 , 288.0 ) 12 ( 100.7 , 180.0 )
100.86 -0.1884 14 ( 79.3 , 288.0 ) 24 ( 63.4 , 180.0 )
100.86 -0.1884 29 ( 116.6 , 216.0 ) 7 ( 100.7 , 324.0 )
100.86 -0.1884 8 ( 116.6 , 0.0 ) 30 ( 100.7 , 252.0 )
100.86 -0.1884 3 ( 116.6 , 144.0 ) 16 ( 100.7 , 36.0 )
100.86 -0.1884 15 ( 79.3 , 0.0 ) 19 ( 63.4 , 252.0 )
100.86 -0.1884 17 ( 79.3 , 144.0 ) 21 ( 63.4 , 36.0 )
100.86 -0.1884 18 ( 79.3 , 216.0 ) 20 ( 63.4 , 324.0 )
100.86 -0.1884 8 ( 116.6 , 0.0 ) 11 ( 100.7 , 108.0 )
100.86 -0.1884 18 ( 79.3 , 216.0 ) 22 ( 63.4 , 108.0 )
164 Angle diﬀerences in the CACTUS array
--------------------------------------------------------------------------------------
List of angle differences in the CACTUS array-continued
Angle(deg) cosine G1 ( theta , phi ) G2 ( theta , phi )
--------------------------------------------------------------------------------------
100.86 -0.1884 29 ( 116.6 , 216.0 ) 11 ( 100.7 , 108.0 )
100.86 -0.1884 15 ( 79.3 , 0.0 ) 22 ( 63.4 , 108.0 )
100.86 -0.1884 6 ( 116.6 , 288.0 ) 16 ( 100.7 , 36.0 )
100.86 -0.1884 14 ( 79.3 , 288.0 ) 21 ( 63.4 , 36.0 )
100.86 -0.1884 3 ( 116.6 , 144.0 ) 30 ( 100.7 , 252.0 )
100.86 -0.1884 17 ( 79.3 , 144.0 ) 19 ( 63.4 , 252.0 )
100.83 -0.1879 6 ( 116.6 , 288.0 ) 25 ( 37.4 , 216.0 )
100.83 -0.1879 29 ( 116.6 , 216.0 ) 26 ( 37.4 , 288.0 )
100.83 -0.1879 2 ( 142.6 , 36.0 ) 20 ( 63.4 , 324.0 )
100.83 -0.1879 3 ( 116.6 , 144.0 ) 28 ( 37.4 , 72.0 )
100.83 -0.1879 1 ( 142.6 , 324.0 ) 19 ( 63.4 , 252.0 )
100.83 -0.1879 1 ( 142.6 , 324.0 ) 21 ( 63.4 , 36.0 )
100.83 -0.1879 4 ( 142.6 , 180.0 ) 19 ( 63.4 , 252.0 )
100.83 -0.1879 8 ( 116.6 , 0.0 ) 28 ( 37.4 , 72.0 )
100.83 -0.1879 2 ( 142.6 , 36.0 ) 22 ( 63.4 , 108.0 )
100.83 -0.1879 4 ( 142.6 , 180.0 ) 22 ( 63.4 , 108.0 )
100.83 -0.1879 6 ( 116.6 , 288.0 ) 27 ( 37.4 , 0.0 )
100.83 -0.1879 8 ( 116.6 , 0.0 ) 26 ( 37.4 , 288.0 )
100.83 -0.1879 3 ( 116.6 , 144.0 ) 25 ( 37.4 , 216.0 )
100.83 -0.1879 29 ( 116.6 , 216.0 ) 23 ( 37.4 , 144.0 )
100.80 -0.1874 20 ( 63.4 , 324.0 ) 23 ( 37.4 , 144.0 )
100.80 -0.1874 21 ( 63.4 , 36.0 ) 25 ( 37.4 , 216.0 )
100.80 -0.1874 22 ( 63.4 , 108.0 ) 26 ( 37.4 , 288.0 )
100.80 -0.1874 24 ( 63.4 , 180.0 ) 27 ( 37.4 , 0.0 )
100.80 -0.1874 19 ( 63.4 , 252.0 ) 28 ( 37.4 , 72.0 )
100.80 -0.1874 4 ( 142.6 , 180.0 ) 8 ( 116.6 , 0.0 )
100.80 -0.1874 2 ( 142.6 , 36.0 ) 29 ( 116.6 , 216.0 )
100.80 -0.1874 1 ( 142.6 , 324.0 ) 3 ( 116.6 , 144.0 )
79.20 0.1874 4 ( 142.6 , 180.0 ) 24 ( 63.4 , 180.0 )
79.20 0.1874 2 ( 142.6 , 36.0 ) 21 ( 63.4 , 36.0 )
79.20 0.1874 29 ( 116.6 , 216.0 ) 25 ( 37.4 , 216.0 )
79.20 0.1874 1 ( 142.6 , 324.0 ) 20 ( 63.4 , 324.0 )
79.20 0.1874 3 ( 116.6 , 144.0 ) 23 ( 37.4 , 144.0 )
79.20 0.1874 8 ( 116.6 , 0.0 ) 27 ( 37.4 , 0.0 )
79.20 0.1874 6 ( 116.6 , 288.0 ) 26 ( 37.4 , 288.0 )
79.17 0.1879 24 ( 63.4 , 180.0 ) 26 ( 37.4 , 288.0 )
79.17 0.1879 20 ( 63.4 , 324.0 ) 28 ( 37.4 , 72.0 )
79.17 0.1879 21 ( 63.4 , 36.0 ) 23 ( 37.4 , 144.0 )
79.17 0.1879 19 ( 63.4 , 252.0 ) 27 ( 37.4 , 0.0 )
79.17 0.1879 20 ( 63.4 , 324.0 ) 25 ( 37.4 , 216.0 )
79.17 0.1879 4 ( 142.6 , 180.0 ) 6 ( 116.6 , 288.0 )
79.17 0.1879 22 ( 63.4 , 108.0 ) 27 ( 37.4 , 0.0 )
79.17 0.1879 22 ( 63.4 , 108.0 ) 25 ( 37.4 , 216.0 )
79.17 0.1879 21 ( 63.4 , 36.0 ) 26 ( 37.4 , 288.0 )
79.17 0.1879 24 ( 63.4 , 180.0 ) 28 ( 37.4 , 72.0 )
79.17 0.1879 2 ( 142.6 , 36.0 ) 3 ( 116.6 , 144.0 )
79.17 0.1879 19 ( 63.4 , 252.0 ) 23 ( 37.4 , 144.0 )
79.17 0.1879 1 ( 142.6 , 324.0 ) 29 ( 116.6 , 216.0 )
79.17 0.1879 2 ( 142.6 , 36.0 ) 6 ( 116.6 , 288.0 )
79.14 0.1884 29 ( 116.6 , 216.0 ) 14 ( 79.3 , 288.0 )
79.14 0.1884 6 ( 116.6 , 288.0 ) 18 ( 79.3 , 216.0 )
79.14 0.1884 30 ( 100.7 , 252.0 ) 24 ( 63.4 , 180.0 )
79.14 0.1884 7 ( 100.7 , 324.0 ) 19 ( 63.4 , 252.0 )
79.14 0.1884 16 ( 100.7 , 36.0 ) 20 ( 63.4 , 324.0 )
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79.14 0.1884 7 ( 100.7 , 324.0 ) 21 ( 63.4 , 36.0 )
79.14 0.1884 12 ( 100.7 , 180.0 ) 19 ( 63.4 , 252.0 )
79.14 0.1884 6 ( 116.6 , 288.0 ) 15 ( 79.3 , 0.0 )
79.14 0.1884 30 ( 100.7 , 252.0 ) 20 ( 63.4 , 324.0 )
79.14 0.1884 8 ( 116.6 , 0.0 ) 14 ( 79.3 , 288.0 )
79.14 0.1884 29 ( 116.6 , 216.0 ) 17 ( 79.3 , 144.0 )
79.14 0.1884 3 ( 116.6 , 144.0 ) 18 ( 79.3 , 216.0 )
79.14 0.1884 16 ( 100.7 , 36.0 ) 22 ( 63.4 , 108.0 )
79.14 0.1884 12 ( 100.7 , 180.0 ) 22 ( 63.4 , 108.0 )
79.14 0.1884 11 ( 100.7 , 108.0 ) 21 ( 63.4 , 36.0 )
79.14 0.1884 11 ( 100.7 , 108.0 ) 24 ( 63.4 , 180.0 )
70.61 0.3319 4 ( 142.6 , 180.0 ) 30 ( 100.7 , 252.0 )
70.61 0.3319 1 ( 142.6 , 324.0 ) 16 ( 100.7 , 36.0 )
70.61 0.3319 2 ( 142.6 , 36.0 ) 7 ( 100.7 , 324.0 )
70.61 0.3319 14 ( 79.3 , 288.0 ) 25 ( 37.4 , 216.0 )
70.61 0.3319 1 ( 142.6 , 324.0 ) 30 ( 100.7 , 252.0 )
70.61 0.3319 18 ( 79.3 , 216.0 ) 26 ( 37.4 , 288.0 )
70.61 0.3319 2 ( 142.6 , 36.0 ) 11 ( 100.7 , 108.0 )
70.61 0.3319 4 ( 142.6 , 180.0 ) 11 ( 100.7 , 108.0 )
70.61 0.3319 17 ( 79.3 , 144.0 ) 28 ( 37.4 , 72.0 )
70.61 0.3319 15 ( 79.3 , 0.0 ) 28 ( 37.4 , 72.0 )
70.61 0.3319 15 ( 79.3 , 0.0 ) 26 ( 37.4 , 288.0 )
70.61 0.3319 14 ( 79.3 , 288.0 ) 27 ( 37.4 , 0.0 )
70.61 0.3319 17 ( 79.3 , 144.0 ) 25 ( 37.4 , 216.0 )
70.61 0.3319 18 ( 79.3 , 216.0 ) 23 ( 37.4 , 144.0 )
70.57 0.3326 27 ( 37.4 , 0.0 ) 23 ( 37.4 , 144.0 )
70.57 0.3326 27 ( 37.4 , 0.0 ) 25 ( 37.4 , 216.0 )
70.57 0.3326 23 ( 37.4 , 144.0 ) 26 ( 37.4 , 288.0 )
70.57 0.3326 28 ( 37.4 , 72.0 ) 26 ( 37.4 , 288.0 )
70.57 0.3326 28 ( 37.4 , 72.0 ) 25 ( 37.4 , 216.0 )
70.57 0.3326 1 ( 142.6 , 324.0 ) 4 ( 142.6 , 180.0 )
70.57 0.3326 2 ( 142.6 , 36.0 ) 4 ( 142.6 , 180.0 )
70.56 0.3328 18 ( 79.3 , 216.0 ) 14 ( 79.3 , 288.0 )
70.56 0.3328 12 ( 100.7 , 180.0 ) 30 ( 100.7 , 252.0 )
70.56 0.3328 7 ( 100.7 , 324.0 ) 16 ( 100.7 , 36.0 )
70.56 0.3328 7 ( 100.7 , 324.0 ) 30 ( 100.7 , 252.0 )
70.56 0.3328 16 ( 100.7 , 36.0 ) 11 ( 100.7 , 108.0 )
70.56 0.3328 11 ( 100.7 , 108.0 ) 12 ( 100.7 , 180.0 )
70.56 0.3328 15 ( 79.3 , 0.0 ) 14 ( 79.3 , 288.0 )
70.56 0.3328 17 ( 79.3 , 144.0 ) 18 ( 79.3 , 216.0 )
70.41 0.3353 4 ( 142.6 , 180.0 ) 18 ( 79.3 , 216.0 )
70.41 0.3353 1 ( 142.6 , 324.0 ) 15 ( 79.3 , 0.0 )
70.41 0.3353 2 ( 142.6 , 36.0 ) 15 ( 79.3 , 0.0 )
70.41 0.3353 1 ( 142.6 , 324.0 ) 14 ( 79.3 , 288.0 )
70.41 0.3353 4 ( 142.6 , 180.0 ) 17 ( 79.3 , 144.0 )
70.41 0.3353 30 ( 100.7 , 252.0 ) 26 ( 37.4 , 288.0 )
70.41 0.3353 30 ( 100.7 , 252.0 ) 25 ( 37.4 , 216.0 )
70.41 0.3353 11 ( 100.7 , 108.0 ) 23 ( 37.4 , 144.0 )
70.41 0.3353 16 ( 100.7 , 36.0 ) 28 ( 37.4 , 72.0 )
70.41 0.3353 7 ( 100.7 , 324.0 ) 27 ( 37.4 , 0.0 )
70.41 0.3353 16 ( 100.7 , 36.0 ) 27 ( 37.4 , 0.0 )
70.41 0.3353 12 ( 100.7 , 180.0 ) 25 ( 37.4 , 216.0 )
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70.41 0.3353 11 ( 100.7 , 108.0 ) 28 ( 37.4 , 72.0 )
70.41 0.3353 7 ( 100.7 , 324.0 ) 26 ( 37.4 , 288.0 )
70.41 0.3353 12 ( 100.7 , 180.0 ) 23 ( 37.4 , 144.0 )
63.49 0.4463 6 ( 116.6 , 288.0 ) 19 ( 63.4 , 252.0 )
63.49 0.4463 3 ( 116.6 , 144.0 ) 22 ( 63.4 , 108.0 )
63.49 0.4463 29 ( 116.6 , 216.0 ) 24 ( 63.4 , 180.0 )
63.49 0.4463 29 ( 116.6 , 216.0 ) 19 ( 63.4 , 252.0 )
63.49 0.4463 8 ( 116.6 , 0.0 ) 20 ( 63.4 , 324.0 )
63.49 0.4463 8 ( 116.6 , 0.0 ) 21 ( 63.4 , 36.0 )
63.49 0.4463 3 ( 116.6 , 144.0 ) 24 ( 63.4 , 180.0 )
63.49 0.4463 6 ( 116.6 , 288.0 ) 20 ( 63.4 , 324.0 )
63.41 0.4476 29 ( 116.6 , 216.0 ) 6 ( 116.6 , 288.0 )
63.41 0.4476 20 ( 63.4 , 324.0 ) 21 ( 63.4 , 36.0 )
63.41 0.4476 24 ( 63.4 , 180.0 ) 19 ( 63.4 , 252.0 )
63.41 0.4476 20 ( 63.4 , 324.0 ) 19 ( 63.4 , 252.0 )
63.41 0.4476 21 ( 63.4 , 36.0 ) 22 ( 63.4 , 108.0 )
63.41 0.4476 22 ( 63.4 , 108.0 ) 24 ( 63.4 , 180.0 )
63.41 0.4476 8 ( 116.6 , 0.0 ) 6 ( 116.6 , 288.0 )
63.41 0.4476 3 ( 116.6 , 144.0 ) 29 ( 116.6 , 216.0 )
41.90 0.7443 1 ( 142.6 , 324.0 ) 7 ( 100.7 , 324.0 )
41.90 0.7443 2 ( 142.6 , 36.0 ) 16 ( 100.7 , 36.0 )
41.90 0.7443 4 ( 142.6 , 180.0 ) 12 ( 100.7 , 180.0 )
41.90 0.7443 18 ( 79.3 , 216.0 ) 25 ( 37.4 , 216.0 )
41.90 0.7443 17 ( 79.3 , 144.0 ) 23 ( 37.4 , 144.0 )
41.90 0.7443 15 ( 79.3 , 0.0 ) 27 ( 37.4 , 0.0 )
41.90 0.7443 14 ( 79.3 , 288.0 ) 26 ( 37.4 , 288.0 )
41.83 0.7451 25 ( 37.4 , 216.0 ) 26 ( 37.4 , 288.0 )
41.83 0.7451 28 ( 37.4 , 72.0 ) 23 ( 37.4 , 144.0 )
41.83 0.7451 27 ( 37.4 , 0.0 ) 28 ( 37.4 , 72.0 )
41.83 0.7451 27 ( 37.4 , 0.0 ) 26 ( 37.4 , 288.0 )
41.83 0.7451 23 ( 37.4 , 144.0 ) 25 ( 37.4 , 216.0 )
41.83 0.7451 1 ( 142.6 , 324.0 ) 2 ( 142.6 , 36.0 )
41.70 0.7467 30 ( 100.7 , 252.0 ) 14 ( 79.3 , 288.0 )
41.70 0.7467 11 ( 100.7 , 108.0 ) 17 ( 79.3 , 144.0 )
41.70 0.7467 7 ( 100.7 , 324.0 ) 15 ( 79.3 , 0.0 )
41.70 0.7467 30 ( 100.7 , 252.0 ) 18 ( 79.3 , 216.0 )
41.70 0.7467 16 ( 100.7 , 36.0 ) 15 ( 79.3 , 0.0 )
41.70 0.7467 12 ( 100.7 , 180.0 ) 18 ( 79.3 , 216.0 )
41.70 0.7467 7 ( 100.7 , 324.0 ) 14 ( 79.3 , 288.0 )
41.70 0.7467 12 ( 100.7 , 180.0 ) 17 ( 79.3 , 144.0 )
37.44 0.7939 6 ( 116.6 , 288.0 ) 30 ( 100.7 , 252.0 )
37.44 0.7939 14 ( 79.3 , 288.0 ) 19 ( 63.4 , 252.0 )
37.44 0.7939 29 ( 116.6 , 216.0 ) 30 ( 100.7 , 252.0 )
37.44 0.7939 3 ( 116.6 , 144.0 ) 11 ( 100.7 , 108.0 )
37.44 0.7939 8 ( 116.6 , 0.0 ) 7 ( 100.7 , 324.0 )
37.44 0.7939 17 ( 79.3 , 144.0 ) 22 ( 63.4 , 108.0 )
37.44 0.7939 18 ( 79.3 , 216.0 ) 19 ( 63.4 , 252.0 )
37.44 0.7939 18 ( 79.3 , 216.0 ) 24 ( 63.4 , 180.0 )
37.44 0.7939 29 ( 116.6 , 216.0 ) 12 ( 100.7 , 180.0 )
37.44 0.7939 8 ( 116.6 , 0.0 ) 16 ( 100.7 , 36.0 )
37.44 0.7939 15 ( 79.3 , 0.0 ) 20 ( 63.4 , 324.0 )
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37.44 0.7939 6 ( 116.6 , 288.0 ) 7 ( 100.7 , 324.0 )
37.44 0.7939 15 ( 79.3 , 0.0 ) 21 ( 63.4 , 36.0 )
37.44 0.7939 3 ( 116.6 , 144.0 ) 12 ( 100.7 , 180.0 )
37.44 0.7939 17 ( 79.3 , 144.0 ) 24 ( 63.4 , 180.0 )
37.44 0.7939 14 ( 79.3 , 288.0 ) 20 ( 63.4 , 324.0 )
37.34 0.7951 22 ( 63.4 , 108.0 ) 23 ( 37.4 , 144.0 )
37.34 0.7951 19 ( 63.4 , 252.0 ) 26 ( 37.4 , 288.0 )
37.34 0.7951 2 ( 142.6 , 36.0 ) 8 ( 116.6 , 0.0 )
37.34 0.7951 24 ( 63.4 , 180.0 ) 25 ( 37.4 , 216.0 )
37.34 0.7951 22 ( 63.4 , 108.0 ) 28 ( 37.4 , 72.0 )
37.34 0.7951 19 ( 63.4 , 252.0 ) 25 ( 37.4 , 216.0 )
37.34 0.7951 21 ( 63.4 , 36.0 ) 27 ( 37.4 , 0.0 )
37.34 0.7951 21 ( 63.4 , 36.0 ) 28 ( 37.4 , 72.0 )
37.34 0.7951 1 ( 142.6 , 324.0 ) 8 ( 116.6 , 0.0 )
37.34 0.7951 4 ( 142.6 , 180.0 ) 29 ( 116.6 , 216.0 )
37.34 0.7951 20 ( 63.4 , 324.0 ) 27 ( 37.4 , 0.0 )
37.34 0.7951 1 ( 142.6 , 324.0 ) 6 ( 116.6 , 288.0 )
37.34 0.7951 24 ( 63.4 , 180.0 ) 23 ( 37.4 , 144.0 )
37.34 0.7951 4 ( 142.6 , 180.0 ) 3 ( 116.6 , 144.0 )
37.34 0.7951 20 ( 63.4 , 324.0 ) 26 ( 37.4 , 288.0 )
37.30 0.7955 29 ( 116.6 , 216.0 ) 18 ( 79.3 , 216.0 )
37.30 0.7955 3 ( 116.6 , 144.0 ) 17 ( 79.3 , 144.0 )
37.30 0.7955 8 ( 116.6 , 0.0 ) 15 ( 79.3 , 0.0 )
37.30 0.7955 6 ( 116.6 , 288.0 ) 14 ( 79.3 , 288.0 )
37.30 0.7955 7 ( 100.7 , 324.0 ) 20 ( 63.4 , 324.0 )
37.30 0.7955 16 ( 100.7 , 36.0 ) 21 ( 63.4 , 36.0 )
37.30 0.7955 12 ( 100.7 , 180.0 ) 24 ( 63.4 , 180.0 )
37.30 0.7955 30 ( 100.7 , 252.0 ) 19 ( 63.4 , 252.0 )
37.30 0.7955 11 ( 100.7 , 108.0 ) 22 ( 63.4 , 108.0 )
--------------------------------------------------------------------------------------
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Appendix D
Python code to determine Γrad/Γ
and Γrad
# to load the uncertainties package use:
# from uncertainties import ufloat
# citation: Uncertainties: a Python package for calculations with uncertainties,
# Eric O. LEBIGOT, http://pythonhosted.org/uncertainties/.
# to run use:
# execfile("RadWidth.py")
print "The ratio of radiative width to the total width of the Hoyle state"
# pgg triple coincidence rates
N7_65=ufloat(529,23)
N4_98=ufloat(2617,51)
# singles proton rates
S7_65=ufloat(2.55e8,0.05e8)
S4_98=ufloat(3.13e5,0.06e5)
# relative photon efficiencies
e1_78=0.521
e3_20=0.384
e3_21=0.383
e4_44=0.328
# ratio of W_020 angular correlation functions for 4.98(28Si)/7.65(12C)
W=ufloat(1.0110,0.0015)
# evaluation of G_gamma(E2)/G
GE2g_G=(N7_65/N4_98)*(S4_98/S7_65)* \
(e1_78/e4_44)*(e3_20/e3_21)*W
print "From current work: G_gamma(E2)/G = ", GE2g_G
# evaluation of G_pf(E0)/G
GE0pf_G=ufloat(6.7e-6,0.6e-6) # adopted value (2015)
ICCE2pf=8.77e-4
Grad_G=GE2g_G*(1+ICCE2pf)+GE0pf_G
print "G_rad/G = ", Grad_G
# Evaluation of Grad
print "Evaluation of Grad from Adopted values (2015):"
Grad_G=ufloat(4.12e-4,0.10e-4) # adopted value (2015)
print "G_rad/G = ", Grad_G
GE0pf=ufloat(6.2e-5,0.2e-5)
print "G_pi(E0)/G = ", GE0pf_G
print "G_pi(E0) = ", GE0pf
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170 Python code to determine Γrad/Γ and Γrad
Grad = Grad_G*(1/GE0pf_G)*GE0pf
print "G_rad = ", Grad, " eV"
# Terminal dialogue:
#The ratio of radiative width to the total width of the Hoyle state
#From current work: G_gamma(E2)/G = 0.000399+/-0.000022
#G_rad/G = 0.000407+/-0.000022
#Evaluation of Grad from Adopted values (2015):
#G_rad/G = 0.000412+/-0.000010
#G_pi(E0)/G = (6.7+/-0.6)e-06
#G_pi(E0) = (6.20+/-0.20)e-05
#G_rad = 0.0038+/-0.0004 eV
Appendix E
Adopted value of Γrad/Γ
Title: 12C G_rad/G *E4
--------------------------------------------------------------------------------
(a) Limitation of Relative Statistical Weight (LWM)
G_rad/G [*E4] RelWeight(%) Chi**2/N-1 Reference
+3.3 (9) 1.13 1.18E-01 1961Al23
+3.5 (12) 0.63 3.81E-02 1964Ha23
+4.20 (20) MIN 22.90 2.32E-02 1974Ch03
+4.30 (20) MIN 22.90 1.17E-01 1975Da08
+4.15 (34) 7.92 1.16E-03 1975Ma34
+3.87 (25) 14.66 1.42E-01 1976Ma46
+4.09 (29) 10.89 1.46E-03 1976Ob03
+4.07 (22) 18.93 7.18E-03 2015AlXX
LWM - Number of Input Values: 8
LWM - Chi**2/N-1: 0.45
LWM - Chi**2/N-1(critical, @99% confidence): 2.64
LWM - Chi**2/N-1(critical, @99% confidence): 2.64
UWM - Unweighted Mean: +3.935 (126)
WM - Weighted Mean: +4.119 (96) [Internal Uncertainty]
WM - Weighted Mean: +4.119 (64) [External Uncertainty]
--------------------------------------------------------------------------------
(b) Normalised Residual Method (NRM)
G_rad/G [*E4] Reference
+3.3 (9) 1961Al23
+3.5 (12) 1964Ha23
+4.20 (20) 1974Ch03
+4.30 (20) 1975Da08
+4.15 (34) 1975Ma34
+3.87 (25) 1976Ma46
+4.09 (29) 1976Ob03
+4.07 (22) 2015AlXX
NRM - Number of Input Values: 8
NRM - Chi**2/N-1: 0.45
NRM - Chi**2/N-1(critical @95% confidence): 2.01
WM - Weighted Mean: +4.119 (96) [Internal Uncertainty]
--------------------------------------------------------------------------------
(c) Rajeval Technique (RT)
First stage: Population Test ------------------------------
RT - Number of Input Values: 8
RT - Critical Value (CV) = 3*1.96
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172 Adopted value of Γrad/Γ
RT - Values with YY(I) > CV=5.88 are marked as Rejected
RT - Discrepant data has to be removed manually
G_rad/G [*E4] |YY(I)| Reference
+3.3 (9) 0.801 1961Al23
+3.5 (12) 0.412 1964Ha23
+4.20 (20) 1.244 1974Ch03
+4.30 (20) 1.739 1975Da08
+4.15 (34) 0.668 1975Ma34
+3.87 (25) 0.257 1976Ma46
+4.09 (29) 0.548 1976Ob03
+4.07 (22) 0.587 2015AlXX
RT - Number of Input Values adopted: 8
Second stage: Testing and Rejecting if YY(L) > CV=5.88 ----
Automatic rejection of discrepant data DISABLED
G_rad/G [*E4] |YY(I)| Reference
+3.3 (9) 0.801 1961Al23
+3.5 (12) 0.412 1964Ha23
+4.20 (20) 1.244 1974Ch03
+4.30 (20) 1.739 1975Da08
+4.15 (34) 0.668 1975Ma34
+3.87 (25) 0.257 1976Ma46
+4.09 (29) 0.548 1976Ob03
+4.07 (22) 0.587 2015AlXX
RT - Initial Central Deviate (CD) Limit: 0.453
G_rad/G [*E4] Central Deviation Reference
+3.3 (9) 0.320 1961Al23
+3.5 (12) 0.198 1964Ha23
+4.20 (20) 0.177 1974Ch03
+4.30 (20) 0.348 1975Da08
+4.15 (34) 0.037 1975Ma34
+3.87 (25) 0.360 1976Ma46
+4.09 (29) 0.043 1976Ob03
+4.07 (22) 0.098 2015AlXX
Final Stage: Central Deviate, CD: 0.453 and adjustments
G_rad/G [*E4] Central Deviation Reference
+3.3 (9) 0.320 1961Al23
+3.5 (12) 0.198 1964Ha23
+4.20 (20) 0.177 1974Ch03
+4.30 (20) 0.348 1975Da08
+4.15 (34) 0.037 1975Ma34
+3.87 (25) 0.360 1976Ma46
+4.09 (29) 0.043 1976Ob03
+4.07 (22) 0.098 2015AlXX
RT - Number of Input Values adopted: 8
RT - Mean: +4.119 (96)
RT - Final Chi**2/N-1: 0.45
--------------------------------------------------------------------------------
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(d) Bootstrap method (BS)
G_rad/G [*E4] Reference
+3.3 (9) 1961Al23
+3.5 (12) 1964Ha23
+4.20 (20) 1974Ch03
+4.30 (20) 1975Da08
+4.15 (34) 1975Ma34
+3.87 (25) 1976Ma46
+4.09 (29) 1976Ob03
+4.07 (22) 2015AlXX
BS - Number of Input Values: 8
BS - Number of random samples with replacement: 2000
BS - Mean: +4.026 (153)
BS - Final Chi**2/N-1: 0.58
--------------------------------------------------------------------------------
(e) Mandel-Paule approach (MP)
************************************ S U M M A R Y *************************************
AveTools v3.0 [10-Dec-2014] run on 08-Oct-2015
Input File: 12C_AdoptedValues.in
Title: 12C G_rad/G *E4
Average of: G_rad/G [*E4]
(a) LWM - Limitation of Relative Statistical Weight method
LWM - Number of Input Values: 8
UWM - UnWeighted Mean: +3.935 (126)
WM - Weighted Mean: +4.119 (96) [Internal Uncertainty]
WM - Weighted Mean: +4.119 (64) [External Uncertainty]
LWM - Mean: +4.119 (96)
LWM - Final Chi**2/N-1: 0.45
LWM - Chi**2/N-1(critical, @99% confidence): 2.64
(b) NRM - Normalised Residual Method
NRM - Number of Input Values: 8
NRM - Uncertainties are multiplied by Birge ratio
NRM - Mean: +4.119 (96)
NRM - Final Chi**2/N-1: 0.45
NRM - Chi**2/N-1(critical& @95% confidence): 2.01
(c) RT - Rajeval Technique
RT - Number of Input Values ADOPTED: 8
RT - Number of Input Values MARKED for REJECTION: 0
RT - Mean: +4.119 (96)
RT - Final Chi**2/N-1: 0.45
(d) BS - Bootstrap method
BS - Number of Input Values: 8
BS - Number Monte-Carlo samples per Input: 2000
BS - Mean: +4.026 (153)
BS - Final Chi**2/N-1: 0.58
(e) MP - Mandle-Paule Approach
MP - Number of Input Values: 8
MP - <F> Method failed to deliver numerical results
*****************************************************************************************
